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Abstract 
 
This study integrates hydrological, geophysical, geochemical and isotopic data to develop a 
conceptual model of surface and groundwater in the Bungawalbin Creek catchment, the 
southern sub-catchment of the Richmond River in north eastern New South Wales, Australia.  
 
The investigation brings together existing and newly-acquired data to provide new insights 
into the hydrogeology of the Clarence-Moreton Basin consolidated sediments as well as the 
South Casino Gravel shallow alluvial aquifer, and highlights connectivity between the 
aquifers and with surface water.  
 
Borehole stratigraphic data has been used to create a 3-D digital model of the consolidated 
sediments and has emphasized the presence of a major fault structure, the Coraki Fault. 
 
Hydrochemical and hydraulic evidence of recharge and discharge rates and localities in the 
alluvium is presented. These include potentiometric mapping, chloride mass-balance and 
major ion data, which indicate hydraulic continuity in the alluvial aquifer from the upper to 
the lower catchment. Recharge rates ranging from 7.8 to 981 mm/yr were indicated in the 
alluvium and from 1.4 to 1047 mm/yr in the consolidated sediments.  “Point source” recharge 
to the largely confined alluvial aquifer by way of surface lagoons and swamps is also 
indicated. Discharge from the alluvium to the large fresh water tidal pool in the lower 
catchment is significant and is estimated at 8.4 ML/day. Groundwater discharge may be 
important to sustaining high-value ecosystems in the lower catchment, particularly during 
periods of drought. 
 
Transient electromagnetic data collected in continuous profiles at three sites distinguishes 
bedrock and the confining layer from the alluvial aquifer, showing bedrock topography and 
structure and confirms “point source” recharge locations.  
 
Upward flow of water along the Coraki Fault and hydraulic connectivity within the Walloon 
Coal Measures and with the surface is indicated by down-hole geophysical data from 
exploration bores. 
 
Stable isotope (δ2H and δ18O) data shows evidence of evapotranspiration from the alluvial 
aquifer in the upper catchment due to groundwater utilization by surface vegetation.  In the 
consolidated sediments, inland and coastal recharge areas are clearly differentiated. 
 
Dissolved methane values varied up to 2230 ug/L in surface water and up to 3430 ug/L in 
groundwater. δ2H and δ13C of methane data indicated probable biogenic formation and 
mixing of CH4 in the shallow, outcropping sections of the Walloon Coal Measures and were 
consistent with upward migration of CH4 from consolidated sediments, especially along the 
iii 
 
Coraki Fault. Secondary processes including bacterial oxidation, diffusion and advection of 
methane complicated interpretation of results.  
 
Overall, the study reveals the central role of the alluvial aquifer and its hydrological 
connections with surface waters and consolidated aquifers, as well as documenting baseline 
hydrologic, geophysical and geochemical conditions throughout the Bungawalbin catchment. 
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Chapter 1: Introduction 
1.1 PURPOSE OF THE STUDY 
Globally, management of water resources is increasingly coming into focus as one of the 
major issues of the twenty first century(Cooley et al., 2013; WWAP, 2015b) . Increased 
demand for water as a result of a growing population and increasing economic prosperity is 
placing resources under greater pressure than ever before and making scientifically based 
management critically important for their sustainable use (WWAP, 2015a). In Australia, one 
of the world’s largest per capita water users, water-related issues are shaping policy on 
development and sustainability at all levels of government and may be a key constraint to the 
future economic growth of the nation (Roberts et al., 2006). 
 
Issues facing water managers internationally, frequently relate to the level of understanding 
of both local and regional hydrological systems and the transfer of that knowledge to the 
appropriate decision-makers, often resulting in poor decision-making and unintended 
impacts. (Cooley, et al., 2013). 
 
Demand for water from uses such as agriculture and municipal supply are growing globally, 
however, more intensive settlement patterns and growing chemical and nutrient 
contamination are causing both surface and groundwater quality to be severely compromised 
(Romjin, 2002).  Tackling these issues requires a detailed understanding of surface water 
hydrology and of groundwater processes including its chemistry and hydraulics. 
 
Water resources are often highly connected. It is estimated that at least half of groundwater 
used globally comes from aquifers that are hydrologically connected to rivers (Shiklomanov, 
1999) which highlights the importance of conceptualizing and quantifying hydrological 
systems in a holistic sense (Varady et al., 2013).  
 
The aim of this current study is to gain an understanding of the hydrological regime of the 
southern Richmond River (Bungawalbin Creek) rural catchment in eastern Australia, by 
establishing the important hydrological and geochemical processes in surface and 
groundwaters. The results of the study will build on previous work in the area to provide 
insight into potential connectivity between aquifers and surface water, and will assist in 
understanding vulnerability of water resources to impacts from land use activities. Whilst 
relatively sparsely populated, this catchment illustrates the interconnected nature of water 
resources and the challenges associated with management of multiple and conflicting uses 
and impacts that are also common globally.  
 
1.2 FEATURES OF THE STUDY AREA 
The Richmond River catchment is located in far north eastern New South Wales and has a 
total area of 6850 km
2
. It extends from the McPherson Range near the Queensland border 
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south to the village of Whiporie, a distance of over 100km. The southern part of the 
catchment is the subject of this study. It comprises approximately 25% of the total Richmond 
catchment and is drained by Bungawalbin Creek and its tributaries including Sandy Creek in 
the north, Myrtle Creek, and Myall Creek in the south. The area has previously been referred 
to as the “Southern Richmond Catchment” (Drury, 1982a), however, in this study it will be 
called the Bungawalbin catchment as it coincides with the catchment of Bungawalbin Creek. 
Figure 1-1 illustrates the study area and its locality. 
 
The Bungawalbin catchment includes steep mountainous terrain of the Richmond Range in 
the west which gives way to broad alluvial plains divided by undulating hills and low ridges 
in the middle of the catchment. The eastern side of the catchment is bounded by the Moonem 
Range escarpment and Bungawalbin Creek exits the catchment by way of a narrow aperture 
approximately 2km wide at the northern end of the Moonem Range (refer Figure 1-1). 
 
Myrtle and Myall Creeks join to form Bungawalbin Creek in lowland swamps on the eastern 
side of the catchment. The creek then flows to the north for approximately 10km before 
entering a series of broad tidal reaches. Sandy Creek flows into Bungawalbin Creek 
approximately 2km upstream of its confluence with the Richmond River. 
 
The tidal reaches of Bungawalbin and Sandy Creeks form part of the Richmond River 
intertidal zone, one of the largest fresh water tidal pools in eastern Australia. It extends from 
the tidal limits of the Richmond River near Casino, downstream to around Woodburn and 
includes the Wilson River (to just upstream of Lismore) and most of Bungawalbin Creek 
(NSW Government, 2010). The lower limit of the fresh water pool migrates upstream or 
downstream, depending on fresh water flows entering the system. 
 
Wetlands, swamps and lagoons are common throughout the study area but are numerous in 
the lower catchment along Bungawalbin Creek. These features have been identified as 
important wildlife habitat (EcoLogical Australia, 2008; NSW National Parks and Wildlife 
Service, 2011) and many are thought to possess the features of  groundwater dependent 
ecosystems (GDE’s) (Bureau of Meteorology, 2012). This is significant because it links local 
groundwater to environmental values, some of which may have regional or national 
importance. 
 
Biodiversity in the catchment is high. The upland areas to the west are the location of some 
large areas of high conservation value including Mt Picapene National Park and the Mt 
Neville and Banyabba Nature Reserves. In the lowland parts of the catchment, extensive 
areas of wetlands including fresh water tidal creeks, lagoons, back-swamps and marshes 
provide habitat for a wide variety of birds, reptiles, amphibians and mammals, some of which 
are listed as vulnerable or endangered (NSW National Parks and Wildlife Service, 2011). 
Bungawalbin National Park, Bungawalbin Nature Reserve, Bundjalung State Conservation 
Area and Yaringully Nature Reserve are among the extensive protected areas in the lower 
catchment. 
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There are no major population centres within the catchment, however, the village of 
Rappville lies on its western side and numerous small rural communities including Camira 
Crossing, Whiporie, Bungawalbin, Bora Ridge, Ellangowan and Yorklea are scattered 
throughout. The town of Casino is located approximately 11 km to the north, and Lismore 16 
km to the north east. 
 
The predominant land uses in the study area are forestry and cattle grazing. Large areas of 
State Forest as well as private hardwood and softwood timber plantations occupy the central 
and western parts of the catchment. Grazing is mainly on native or semi-improved pastures 
and is usually confined to the flat and gently undulating topography on and adjacent to the 
alluvial flood plains. 
 
Relatively small areas of the catchment are used for more intensive agriculture. They include 
several large holdings adjacent to Myrtle and Bungawalbin Creeks which have been 
developed with flood irrigation infrastructure for tea tree plantations and have the potential 
for high water demand. 
 
Geologically, the Northern Rivers region and the study area overlie the Logan Sub-basin of 
the Clarence-Moreton sedimentary basin (C-MB).  The consolidated sediments of the basin 
are up to 4000 m in depth and form a regional synclinal structure with a north-south axis that 
dips to the north. The deeper sedimentary formations outcrop at the margins of the basin, 
forming the Richmond and Moonem Ranges.  
 
Figure 1-1. Study area and surrounding locality showing extent of catchment, drainage 
system, topography and land use. 
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1.3 REGIONAL HISTORICAL CONTEXT 
The Richmond Valley was originally part of the ancestral lands of the Bundjalung people. It 
was first settled by Europeans in 1840 when squatters Henry Clay and George Stapleton 
established a large cattle grazing property along the Richmond River, which they named 
“Cassino”. Other large land selections in the area were “Runnymede” to the north of the river 
and “Wooroowoolgan” to the south. 
 
Over the following decades cattle grazing became the mainstay of the local economy but was 
supplemented by a large timber industry based on the highly valued red cedar (Toona ciliata) 
(Royal Botanic Gardens and Domain Trust, 2015), which grew extensively throughout the 
area. As the “Big Scrub” lowland rainforest was gradually cleared for timber and to make 
way for farming, the practice of “slash and burn” was widely used prior to pasture 
establishment. The original large squatters’ cattle stations were subdivided and more 
intensive agricultural practices developed (Casino Historical Society, 1971). In 1892 
paspalum grass was introduced and began the major development of pastures for dairying 
(Cavanagh et al., 2006). 
 
Sugar cane was first planted in the area in 1863 and by the early 1900’s major works were 
taking place to drain wetlands in the lower Richmond for cane and pasture production 
(Cavanagh, et al., 2006). 
 
In the present day, agricultural activities have diversified to include a variety of irrigated and 
dryland cropping as well as plantation crops such as tea tree (Melaleuca alternifolia). 
Dairying has declined significantly from its peak in the mid-twentieth century, however, 
grazing of beef cattle remains the major rural industry in the district (NSW Government, 
2010). 
 
With the decline of native forests, logging industry has given way to managed forestry 
plantations including large areas of state and private plantations which extend from the upper 
catchment (e.g. Six Mile Swamp and Busby’s Flat) to the lowlands (e.g. Gibberagee and 
Main Camp). 
 
The area has been the subject of numerous exploration efforts for petroleum and coal 
resources since the early 1900’s (NSW Dept Trade & Investment, 2013). During the 1990’s, 
the Clarence-Moreton Basin was identified as a potential exploration target for coal-seam gas 
(CSG) due to the presence of several known coal-bearing formations. This has led to more 
concerted exploration activities in recent years, which have been concentrated in the upper 
Richmond valley around Kyogle, and to the south of Casino (NSW Dept Trade & Investment, 
2013). Petroleum Exploration Leases are currently active within the study area. 
 
The North Coast region is also recently experiencing growth in a number of population 
centres, especially on the coast (NSW Government, 2010), and significant expansion in its 
tourism industry. Consequently the local water utility is planning for increased future water 
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demand. Groundwater resources in the Richmond River catchment and the Clarence-Moreton 
Basin are among those being considered for future municipal supply (Kwantes, 2011). 
 
 
1.4 BACKGROUND AND SIGNIFICANCE OF THE STUDY 
1.4.1 Water as an Economic and Environmental Resource in the Catchment 
In the Northern Rivers Region, surface water is the major source of economic supply. Annual 
extraction of surface water from the entire Richmond River catchment is currently around 
97,000 ML, which represents only a small proportion (5%) of total annual flow of 
approximately 1,920,000 ML (NSW Government, 2010). 
 
This level of water extraction may increase in the future as significant growth is forecast for 
municipal water demand in the Northern Rivers Region. Approximately half (48%) of the 
current water supply for the region, which extends from Murwillumbah in the north to Evans 
Head in the south and west to Casino, is drawn from the upper Richmond catchment, and 
total demand is projected to increase from the current rate of 23,000 megalitres per year 
(ML/a) to 40,000 ML/a by 2060 (Hydrosphere Consulting, 2013). This may impact the 
Bungawalbin catchment either directly by surface or groundwater extraction, or indirectly by 
the need to supplement fresh water environmental flows in the Richmond River. 
 
The Bungawalbin catchment represents approximately one quarter of the total Richmond 
Catchment area but contains significantly less agricultural, industrial and urban development 
than the Richmond River Valley. Currently, the key economic water uses in the Bungawalbin 
catchment are stock and domestic supply and irrigation of tea tree plantations, particularly in 
the Main Camp and Bungawalbin areas. Small areas of pasture and other crops such as sugar 
cane are also irrigated from time to time. 
 
Water is taken from Myrtle and Bungawalbin Creeks from both above and below the tidal 
limit, and pumped to on-farm storages for irrigation use. Approximately nine irrigation 
licences have been issued for the catchment of Bungawalbin Creek, for approximately 856 
hectares and with a total authorised volume of 3254 ML per year. This compares to five  
licences in the Sandy Creek catchment with a total authorised irrigation area of 200 ha and a 
volume of 345ML per year (WBM Oceanics Australia, 2006). Together, water licences on 
Sandy and Bungawalbin Creeks comprise 20% of the authorised extraction volume in the 
entire Richmond River Catchment. 
 
Groundwater extraction in the catchment is mainly for stock and domestic use, however, a 
small number of bores in the Main Camp area are registered for irrigation supply (NSW 
Office of Water, 2010). 
 
High-value ecosystems, particularly in the lower catchment, are also dependent on water 
resources. The Bungawalbin Wetland Cluster on the coastal floodplain around Bungawalbin 
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Creek is considered of national importance and contains numerous threatened species of flora 
and fauna (EcoLogical Australia, 2008). Some of these wetlands form part of the 
Bungawalbin Creek drainage system and may also be hydrologically connected to 
groundwater in the alluvium. 
 
In the Sandy Creek sub-catchment, several hundred hectares of ephemeral swamps and 
lagoons including Bora-Codrington and Kookami Swamps have been cleared and drained for 
agricultural use. However, the widespread occurrence of acid sulfate soils on these and many 
other low-lying areas in the district, has led to severe acidification of drainage water. This has 
had significant environmental impacts including major fish kills, and has resulted in poor 
agricultural productivity (Hydrosphere Consulting, 2013; Richmond Valley Council, 2000).  
 
1.4.2 Water Resource Connectivity and its Implications 
Fresh water occurs in streams, swamps and lagoons from the uplands to the lowlands of the 
catchment as well as in shallow, unconsolidated aquifers, deeper consolidated sedimentary 
formations and the tidal pool in the lower reaches of the catchment.  
 
Investigating the relationships between these water sources constitutes a significant part of 
this study. Characterization of the connections between the various components of the 
hydrological system helps to conceptualize the system’s function which is an important step 
toward appropriate management and decision-making. It also helps to determine the 
important parameters which should be measured so that the ongoing behaviour of the system 
can be monitored. For example, a hydraulic connection between shallow groundwater and a 
stream would have implications for the management of water extraction both from the 
connected aquifer and the stream. It would mean that groundwater levels could affect 
streamflow and that the two components may require conjunctive management rather than 
management in isolation (Brodie, 2007). 
 
Based on other studies of comparable catchments in the Clarence-Moreton Basin, (Atkins et 
al., 2013; Brodie, 2007; Drury, 1982a; Duvert et al., 2015; Santos et al., 2011) significant 
hydrological connections may exist between deep C-MB aquifers and the alluvium, between 
the alluvium and surface waters (including streams, lagoons and the tidal pool) and directly 
between the C-MB aquifers and surface waters. 
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Chapter 2: Objectives and Scope 
2.1 OBJECTIVE 
The purpose of this study is to improve our understanding of the nature of surface and 
groundwater resources in the Bungawalbin catchment. The project seeks to provide insight 
into surface and groundwater occurrence and behaviour by investigating the hydrological and 
hydrogeochemical processes which are taking place.  
 
Its objective is to describe the main geochemical and hydrological processes occurring in the 
alluvial aquifers and the connections between alluvial and consolidated aquifers and surface 
waters.  
 
This objective is to be achieved by integrating newly acquired geochemical, geophysical and 
hydrological data with existing data from government databases and the scientific literature, 
which is summarised below. 
 
An important outcome of the project will be the development of a more comprehensive 
conceptual model of the area’s surface and groundwater hydrology. 
 
2.2 KNOWLEDGE BASE AND DATA GAPS 
2.2.1 Water Chemistry Data 
Groundwater major ion chemistry data was available from the NSW Office of Water (NOW) 
“Pinneena” database (NSW Office of Water, 2010), however, when QA/QC protocols were 
applied, much of this data was found not to comply with accepted charge balance criteria. 
Major ion data from only four bores in the study area was found to be acceptable.  
 
Rainfall major ion analyses from Drury (1982a) included data for the Casino and Kyogle 
areas, which was relevant to the current study.  
 
Surface water data from the study area has mainly been collected in association with studies 
of acid sulfate soils in the lower Bungawalbin and Sandy Creek catchments. The data 
includes pH, dissolved oxygen, temperature, turbidity and electrical conductivity (EC) 
(WBM Oceanics Australia, 2006). Water level and EC is recorded continuously at the 
junction of Bungawalbin Creek and the Richmond River and the data is available online 
(NSW Dept Primary Industries, 2013). 
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Data on hydrocarbons, dissolved gases, metals, stable isotopes and radiogenic isotopes is 
absent from most reported studies except for some exploration well completion reports 
(WCR’s) which include analytical data, mainly on hydrocarbon chemistry. 
 
 
2.2.2 Hydrology 
Automatic rainfall stations are located at Busby’s Flat and Whiporie and adjacent to Myrtle 
Creek at Summerland Way. A stream gauging station is also located at Summerland Way and 
is calibrated to measure stream discharge from stage (water depth) data. The catchment for 
this station includes the Rappville and Busby’s Flat areas which comprise less than 20% of 
the entire study area (NSW Dept Primary Industries, 2013). 
 
Records obtained from the station at the junction of Bungawalbin Creek and the Richmond 
River show tidal river levels, which cannot be calibrated for flow rates. No gauging stations 
are situated on Sandy Creek.  
 
Data is available online for all rainfall and stream flow stations either from the Bureau of 
Meteorology (Bureau of Meteorology, 2015b) or from the NSW Department of Primary 
Industries (2015). 
 
The extent of interaction between surface and groundwater in the Richmond River catchment 
was investigated by Drury (1982a), who developed detailed cross-sectional flow nets for 
groundwater in the Richmond River alluvium. However, this aspect of Drury’s work did not 
extend to the Bungawalbin catchment.  
 
Given the economic and environmental importance of the Richmond River fresh water tidal 
pool to which Bungawalbin Creek is a major contributor, a distinct research gap is evident 
regarding the extent of groundwater interaction (recharge and or discharge) with the 
waterways in the Bungawalbin catchment. 
 
2.2.3 Alluvial Aquifer Hydrogeology  
Despite extensive work on alluvial aquifers in the Richmond River Valley (Brodie, 2007; 
Cavanagh, et al., 2006; Drury, 1982a), to date the Bungawalbin catchment has not been the 
focus of an integrated surface and groundwater study.  
 
Drury’s study included observations from only seven bores within the Bungawalbin 
catchment, each screened into the South Casino Gravel alluvial aquifer (each of Drury’s 
bores is still in existence and has been sampled as part of this study). Consequently Drury’s 
study did not provide substantive conclusions regarding groundwater recharge, flow paths 
from the upper catchment, or connectivity with the consolidated aquifers of the C-MB or with 
surface waters in the area. 
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Analysis of the chemistry of local rainfall by Drury has aided this study’s hydrochemical 
investigation and aspects of the study relating to alluvial facies, groundwater dynamics and 
hydrogeochemistry has assisted aquifer modelling efforts and provided excellent background.  
 
Alluvial stratigraphy data was contained mainly in records from registered bores (NSW 
Office of Water, 2010) and bore logs from a mineral sands exploration program undertaken 
in the area in the 1990’s (Darby, 1993b; Torr, 1994).  Registered bore logs contain 
stratigraphic information for over 120 bores in the study area, most of which were in the 
alluvium, and published reports on an exploration program for mineral sands (Darby, 1993a, 
1993b; Torr, 1994) provided over 100 additional logs from alluvial bores. To date, no attempt 
to collate this information into a cohesive model of the catchment’s alluvium has been 
reported. 
 
2.2.4 Consolidated Aquifers 
Petroleum and coal exploration programs have been undertaken in the region since the 1920’s 
and numerous exploration bore logs were available from which Clarence-Moreton Basin 
stratigraphy in the study area could be obtained (NSW Dept Trade & Investment, 2013).  
 
However, review of numerous exploration reports indicates that collection of hydrogeological 
data has not been a priority during petroleum exploration work around the study area. 
Geophysical logging data including neutron porosity, gamma and resistivity logs are 
available for a number of exploration wells, some of which are located in areas useful for this 
study. Inference of hydrological properties of the C-MB formations from this data is beyond 
the scope of this study. 
 
With the exception of a small number of drill stem tests and methane isotope analysis in 
exploration target formations,  little quantitative hydrochemical or hydraulic data has been 
made publicly available from industry sources (NSW Dept Trade & Investment, 2013). 
Consequently, the existing understanding of the C-MB aquifers including their water quality 
and hydrological characteristics has largely been extrapolated from data collected outside the 
study area (Drury, 1982a; McKibbin, 1995). 
 
 
2.2.5 Fault Hydrogeology 
Geological faults are potentially major factors in the regional and local flow of groundwater 
(Ran et al., 2014). Hydraulic conductivities within fault cores and their surrounding damage 
zones may be several orders of magnitude different from those in adjacent formations. Faults 
may therefore act as conduits and or barriers to fluid flow (Bense et al., 2013; Underschultz et 
al., 2005). 
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Information is scarce on the role of faults in the hydrogeology of the C-MB. The Coraki Fault 
is located on the eastern side of the study area and extends from Coraki in the north an 
unknown distance to the south west. OBrien et al. (1994) who described structure and 
tectonic history of the fault, postulated that it extends over 50 km to Coaldale, southwest of 
the study area. Its hydrological properties, however, remain unknown. These properties are of 
interest due to their potentially significant influence on the movement and possible mixing of 
formation fluids in the area. 
 
Some small-scale electrical resistivity profiles and refraction seismic surveys were carried out 
in the study area in the early 1980’s, however, with the exception of some interpreted cross-
sections and limited down-hole resistivity data in Drury (1982a), the results of these surveys 
were not available. Numerous seismic surveys had also been carried out in the area in the 
1980’s and 1990’s (Ltd, 1985; Shaw, 1986) but, in most cases, these only provided useful 
information below the top of the Walloon Coal Measures. There was therefore no 
continuously-profiled data of the top 100 metres which would provide some insight into the 
architecture of the alluvial aquifers and of the alluvium-bedrock interface. 
 
2.3 RESEARCH QUESTIONS AND HYPOTHESES 
The project objective described in Section 2.1 has been reflected in three specific research 
questions that the study has sought to answer. 
 
2.3.1 Research Question 1. 
What are the dominant mechanisms for alluvial aquifer recharge and where do they occur? 
 
Shallow alluvial aquifers are often recharged by surface water from streams, other surface 
water bodies and by infiltration through the soil profile (King et al., 2012). However, the 
presence of heavy clay soils and a low-permeability confining layer (the Greenridge 
Formation) over much of the alluvium  (Drury, 1982a), suggests upflow from consolidated 
aquifers may also contribute water to the alluvial system. It is also possible that a major 
recharge source is infiltration through coarser sediments in the upper catchment, and that 
there is significant subsurface flow within the alluvium from the upper to the lower 
catchment. 
 
2.3.2 Research Question 2. 
Where and to what extent does groundwater discharge to surface water in the catchment? 
 
Previous studies (NSW Government, 2010) have suggested that the Richmond fresh water 
tidal pool may be supplemented by fresh groundwater inflows during low-rainfall periods. It 
is therefore likely that groundwater discharge makes a significant contribution to baseflow in 
the catchment. Recognizing the process by which the discharge occurs as well as approximate 
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discharge rates and locations would be a significant step forward in understanding the 
hydrology of the catchment. 
 
2.3.3 Research Question 3. 
What is the role of geological faults in the area with regard to local and regional 
groundwater flow? 
 
Geological faults may act as conduits to groundwater flow as they can have hydraulic 
conductivities many times higher than surrounding formations allowing inter-aquifer mixing 
over comparatively large horizontal and vertical distances (Warner et al., 2012). 
Alternatively, they may act as barriers to flow, or a combination of both (Bense, et al., 2013; 
Underschultz, 2007; Underschultz, et al., 2005). Clarification of the role of faults is sought 
given the local geology, hydrological conditions and geophysical and geochemical evidence. 
The available stratigraphic, geophysical and hydrogeological data provide an opportunity to 
examine the Coraki Fault in the east of the catchment. This is of particular interest as it 
underlies a large area of alluvium and closely follows Bungawalbin Creek. 
 
 
2.4 SETTING OF THE STUDY AREA  
2.4.1 Topography, Drainage and Geomorphology 
The study area lies between the Richmond Range in the west and the Moonem Range in the 
east. It includes steep mountains in the west with steep-sided valleys incised into the 
sandstone bedrock. At the foot of the Richmond Range, the topography changes rapidly to 
wide alluvial flats, which are frequently several kilometres wide. These are separated by low 
ridges and hills. In the north east of the study area, elevated basalt ridges run generally east to 
west, and divide the Sandy Creek catchment in the north from the Myrtle/Bungawalbin 
catchment. In the south, the Myall Creek catchment drains the southern extents of the 
Richmond Range and Moonem Ranges. 
 
The lower catchment, at the base of the Moonem Range consists of large areas of low-lying 
coastal plain, incised by stream channels, relict watercourses and swamps. 
 
The drainage pattern of the Myrtle and Myall Creek catchments is dendritic and generally 
follows a south easterly direction until it intersects the base of the Moonem Range, 
whereupon streams turn approximately 90 degrees and flow to the north east. This is 
suggestive of fault-controlled drainage. 
 
2.4.2 Regional Geology 
The study area lies in the Logan Sub-basin, which is the southern extremity of the Clarence-
Moreton Sedimentary Basin. The study area covers almost the entire width of the basin’s 
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synclinal structure, which is reflected in the outcropping sediments that form both its western 
and eastern watersheds. Characteristically, the older sediments outcrop towards the margins 
of the basin, with the younger sediments closer to its axis.  
 
Consolidated sedimentary formations include sandstones, siltstones, shales, coal and 
mudstones, which are often interbedded in complex relationships and which have highly 
variable hydraulic and hydrochemical properties. 
 
The vertical range of the study area extends from the base of the Walloon Coal Measures 
(maximum depth approximately 760 m below MSL) to the top of the Richmond Range 
(approximately 650 m above MSL), and includes the consolidated formations of the basin, as 
well as unconsolidated alluvial sediments and minor occurrences of the Tertiary Kyogle 
Basalts. 
 
Quartz-dominated sandstones from the C-MB sediments have been eroded on a large scale to 
form extensive alluvial plains throughout the catchment.  
2.4.3 Water Chemistry 
Surface waters are known to be of generally low salinity throughout the catchment, with their 
chemical composition reflecting their proximity to the coast. Of note is the fresh water tidal 
pool in the lower catchment and the low pH of waters associated with drainage of coastal acid 
sulfate soils. 
 
Groundwaters are highly variable with regard to most measured properties, especially their 
salinity which is generally fresh in the alluvium but more saline in the consolidated 
sediments. 
 
2.4.4 Hydrology 
Surface Water 
The study area is subject to high variability in surface water flows, with many streams 
ceasing to flow during the winter and early spring dry seasons. Very high flows during floods 
are also a feature of the area and are due to its sub-tropical climate, the orographic effects of 
its mountainous western watershed, and the morphology of the catchment.  
 
The pattern of flow in the lower reaches of Bungawalbin and Sandy Creeks is determined by 
a semi-diurnal tidal pattern and is made more complex by incoming flows from various 
branches of the estuary. 
 
Groundwater 
The alluvial aquifer is the most widely utilized in the study area. Yields from the aquifer are 
highly variable and are mostly suitable for stock and domestic supply only. However, 
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localized areas in the Bungawalbin and Myrtle Creek localities have shown yields suitable for 
irrigation. 
 
Bores screened into aquifers of the Clarence-Moreton Basin are less common in the study 
area and produce mainly modest yields. On the basis of their geology, the Kangaroo Creek 
Sandstone Member and Piora Member are probably the most productive aquifers, however, 
bores are also screened into the Walloon Coal Measures and Rappville Member. Water 
quality is also variable with the lowest values of dissolved species typically from the 
Kangaroo Creek Sandstone. 
 
Basalt aquifers constitute a very small area in the north east of the catchment but are a locally 
significant water supply, mainly for stock and domestic use. 
 
2.5 CONCLUSION 
The study involves a broad-ranging investigation of a complex hydrological system in a sub-
tropical, semi-coastal environment. The investigation is designed to provide insight into 
hydrological processes and in particular, to highlight connectivity between elements of the 
hydrological system. Outcomes of the study may be applicable to the ongoing management of 
the surface and groundwater system and the economic and environmental values it supports. 
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Chapter 3: The Study Area 
3.1 INTRODUCTION 
The Bungawalbin catchment is not currently considered to be under pressure from over-use 
or degradation of water resources, however, it possesses many of the features of larger, more 
populated catchments elsewhere in the world: water resources are drawn from multiple 
sources (streams, estuarine tidal pools and multiple groundwater aquifers); there is a degree 
of connectivity between the various water sources; and economic uses are in competition 
with natural ecology for water resources. Furthermore, activities such as agriculture and CSG 
extraction present challenges for future sustainable management of water, particularly during 
extended periods of lower-than-average rainfall (Peirson, 2001) when ecological values may 
be threatened by water abstraction.  
 
Apart from differences in geology and climate between catchments of eastern Australia, 
hydrological processes described in the Bungawalbin catchment are comparable to many. 
Insights gained in this locality may therefore have wider application, particularly in sub-
tropical eastern Australia. 
 
3.2 CLIMATE 
3.2.1 Rainfall 
The Northern Rivers Region of New South Wales is sub-tropical with predominantly summer 
rainfall. Annual precipitation varies widely across the region ranging from less than 800 
mm/yr on the New England Tablelands to the west, to in excess of 2800 mm/yr in the 
mountainous areas to the north of Lismore (refer Figure 3-1). 
 
The study area lies in a relatively low rainfall zone between the Moonem and Richmond 
Ranges, with an annual average similar to that of Casino (approximately 1000 mm). Rainfall 
is highest in the elevated parts of the catchment along the mountain ranges and in the south 
around Banyabba. 
 
Most rainfall occurs in summer between November and May with the monthly maximum 
average of 150 mm in February (refer Figure 3-2) and relatively low rainfall between June 
and October. Minimum average monthly rainfall is below 35 mm in July and September. 
 
The region may be affected by tropical low pressure systems moving south from the Coral 
Sea, causing high rainfall events, usually in the months between January and May. These 
weather patterns have been the cause of extreme flooding in the area on numerous occasions 
(WBM Oceanics Australia, 2006). 
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3.2.2 Evaporation 
The closest available evaporation data is from Alstonville DPI Research Station, 
approximately 27 km to the north east of the study area. The data indicates mean annual 
evaporation of around 1500 mm (Bureau of Meteorology, 2015b), indicating an annual water 
deficit in excess of 500 mm for the study area. Figure 3-2 highlights the negative water 
balance in the area, particularly from July to January. 
 
 
 
 
 
 
Figure 3-1. Average annual rainfall - Northern Rivers Region 
(Office_of_Environment_and_Heritage, 2011) showing relatively low rainfall in the 
Bungawalbin Creek catchment compared to surrounding areas. 
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Figure 3-2. Average monthly rainfall for Casino and average monthly evaporation for 
Alstonville. Average monthly evaporation exceeds average monthly rainfall for 10 months of 
the year (Bureau of Meteorology, 2015b). 
3.2.3 Hydrology 
Stream Flow 
One stream flow gauge is in operation within the catchment and is located on Myrtle Creek at 
the Summerland Way bridge, near Rappville (NOW Site 203030). The sub-catchment for this 
station has a total area of 332 km
2
 and encompasses the steep slopes of the Richmond Range 
which forms the western boundary of the catchment.  
 
Stream hydrographs characteristically show a steep rising limb and short peak with a 
relatively slow falling limb. Baseflow declines quickly following a typical storm event, with 
the gauge level quickly falling below “cease-to-flow” levels in the absence of regular rainfall 
in the catchment (refer Figure 3-3). 
 
Whilst Myrtle Creek is an ephemeral stream, its maximum recorded daily flow (6 April 1988) 
is in excess of 12,500 megalitres (NSW Department of Primary Industries, 2015), 
highlighting the extreme variability of hydrological conditions in the catchment. 
 
Richmond River Tidal Pool 
The Richmond estuary contains one of the largest fresh water tidal pools on Australia’s east 
coast (NSW Government, 2010). It extends approximately 3 km into Sandy Creek and 
approximately 25 km into Bungawalbin Creek , a distance of 94 km from the mouth of the 
Richmond River (refer Figure 3-6). 
 
The Richmond tidal pool is the source of water supply for a number of uses including 
irrigation, stock and domestic, and municipal supply. It is also the subject of a Water Sharing 
Plan under the Water Management Act (2000) (NSW Government, 2010).  
0
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In addition to its economic value, the tidal pool also supports a wide variety of high-value 
riverine and wetland ecosystems (WBM Oceanics Australia, 2006; Richmond Valley 
Council, 2012; Richmond Valley Council, 2000). 
 
The interface between fresh and salt water in the Richmond River (the downstream extent of 
the tidal pool) is usually situated around the Woodburn area, but varies naturally depending 
on tides and the rate of fresh water flow into the estuary (Peirson, 2001).  
 
 
Figure 3-3. Typical storm hydrograph for Myrtle Creek (NSW Department of Primary 
Industries, 2015). 
 
 
3.3 LAND AND WATER USE 
Insights gained from this study will potentially be useful in the management of water 
resources. This is relevant to a number of land uses and activities which occur in the 
catchment and surrounding area and which are reliant on water resources from the 
Bungawalbin system. 
 
3.3.1 Agriculture 
Agriculture in the Bungawalbin catchment impacts water resources by way of water 
extraction as well as its impacts on water quality. 
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Water Extraction 
Surface water extraction licences from Myrtle and Myall Creeks total 1420 ML per year 
(McJannet D., 2015) . Whilst the annual flows from the entire catchment are not measured, 
the mean annual flow volume of Myrtle Creek at Summerland Way (which comprises less 
than 20% of the entire catchment area) is 61,182 ML/year (NSW Dept Primary Industries, 
2013). It is therefore clear that surface water extraction entitlements are a very small 
proportion of total flow from the catchment. Actual extraction for the 2014-2015 year was 
zero . 
 
During previous dry periods however, extraction of surface water has been substantial and 
has threatened ecological processes. Based on 1993/94 water extraction data, Myrtle Creek 
was considered to be under “high hydrologic stress” (WBM Oceanics Australia, 2006). 
 
Most groundwater extraction licences in the catchment are for stock and domestic use, the 
volume of which is usually limited by low bore yields. Approximately 13 bores in the study 
area have licensed entitlements, most of which are less than 100 ML/year, however, one of 
the largest single groundwater entitlements in the Northern Rivers region (1001 – 15,000 
ML/year) is located in the alluvium on Myrtle Creek as shown in Figure 3-4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4. Groundwater entitlement in the study area (Bureau of Meteorology, 2015a). 
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Reduction in fresh water flows to the Richmond River tidal pool as a result of extraction, 
particularly during times of low flow, may result in the salt water/fresh water interface 
moving further upstream (Peirson, 2001). This could cause salinity levels to increase in areas 
such as lower Bungawalbin Creek, which are fresh water habitats under normal conditions. 
The ecological consequences of such a change are not fully known, however modelling work 
by Peirson (2001) indicates that aquatic biota in Bungawalbin Creek may be threatened by 
high fresh water extraction during dry periods. Management and monitoring of water flows, 
water extraction and the movement of the tidal interface are therefore important to maintain 
the economic and ecological viability of the tidal pool. 
 
Nutrient Application. 
Application of fertilisers to agricultural land is another way in which agriculture can affect 
water quality. Most chemical fertilisers are highly soluble and easily entrained in runoff water 
or leached through permeable soils to the water table (Bohlke, 2002).  
 
On grazing lands, fertilisers (usually superphosphate) are applied at relatively low rates (25-
35 kg phosphorus per hectare per year), often with other nutrients such as potassium, sulfur 
and molybdenum, and over relatively large areas. By contrast, nitrogen fertilisers are usually 
used in cropping or for pastures under intensive production (e.g. dairying) (Jennnings, 2014). 
The proportion of cropping lands in the study area is low, however, application of fertilisers 
may be at much higher rates than for grazing land. For example, tea tree (Melaleuca 
alternifolia) is a major crop in the lowlands of the Bungawalbin catchment. Typical nutrient 
application rates include 53 kg/ha/year nitrogen, 20 kg/ha/year phosphorus and 61 kg/ha/year 
potassium. Other nutrient inputs include magnesium, sulfur, molybdenum and organic matter 
(Drinnan, 2000). 
 
In relation to groundwater susceptibility to pollution, a study of alluvial and volcanic aquifers 
by Vaudour (2005) used a modification of the USEPA DRASTIC method to determine 
groundwater vulnerability alluvial aquifers in the Richmond River Catchment. The method 
used several determinants including depth to water table, recharge rate and soil type to derive 
a vulnerability index. In this study, alluvial aquifers in the Bungawalbin catchment regarded 
as “Moderate” with regard to their vulnerability. 
 
 
Acid Sulfate Soils. 
Artificial drainage of coastal plain areas for agricultural use has led to severe water quality 
impacts from acid sulfate soils (ASS) (Ahern et al., 2002; Jacobs, 2014). In the Bungawalbin 
catchment, this is confined to the lower floodplains of Bungawalbin and Sandy Creeks 
(Santos, et al., 2011), however the effects are some of the most severe in the region with 
recorded pH levels in surface water below 3.0 in some instances (WBM Oceanics Australia, 
2006). 
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Drainage of the low-lying back-swamps for agricultural use has been occurring since the late 
1800s (WBM Oceanics Australia, 2006) and has resulted in lowering of local water tables 
and the exposure and oxidation of naturally-occurring pyritic material in the soil profile. 
Oxidation products of pyrite include sulfate (SO4) which, when in solution, forms sulfuric 
acid (H2SO4). 
 
Highly acidic conditions can be directly toxic to aquatic and marine life but also cause metals 
such as iron, manganese, aluminium and some heavy metals, which occur naturally in the 
soil, to become soluble. Concentration of these soluble metals is sometimes in concentrations 
that are toxic to aquatic and marine organisms. Under certain conditions they may also 
oxidize, reducing dissolved oxygen in water or smothering benthic habitat with precipitate. 
This has at times resulted in catastrophic ecological results (Ferguson, 1999). 
 
Numerous fish kills have been reported in the Richmond River estuary over many decades. In 
more recent years it has been established that these have often been the result of acid leaching 
to rivers and creeks following rainfall events (WBM Oceanics Australia, 2006). 
 
Figure 3-5. Acid sulfate soil risk areas (WBM Oceanics Australia, 2006). 
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Other Impacts 
Other impacts of agriculture on water quality that have been identified in the study area 
include those from land clearing and grazing of unfenced watercourses (Hydrosphere 
Consulting, 2013). Clearing of riparian vegetation can cause loss of bank stability, increased 
water temperatures and proliferation of aquatic weeds, while direct access of domestic stock 
to watercourses can result in increased sediment and organic matter loads in surface waters, 
sometimes leading to de-oxygenation of surface water (Hydrosphere Consulting, 2013; WBM 
Oceanics Australia, 2006). 
 
3.3.2 Petroleum and Gas Industry 
Both conventional and unconventional gas resources are known to occur in the Clarence-
Moreton Basin (Dickinson, 2007; Doig, 2012; Hodda, 2015; Smith, 1998; Weber et al., 
2001). Although conventional hydrocarbon exploration has been undertaken in the region for 
many years, it has intensified in and around the study area within the last decade driven by 
unconventional resource exploration (NSW Dept Trade & Investment, 2013). Consequently, 
impacts of a gas industry on surface and groundwater in the area should be considered. 
 
Unconventional hydrocarbon gas consists mainly of methane (CH4) and is formed in coal 
seams or other carbonaceous formations within sedimentary basins (Rice, 1993; Whiticar et 
al., 1986). Target formations usually contain water under high pressure, which is often saline 
and may contain other contaminants in potentially harmful concentrations. Under these 
conditions, hydrocarbon gases adsorb to coal and carbonaceous material within the 
formation. Reduction of water pressure by de-watering of the target formation causes the gas 
to de-sorb and become dissolved or entrained in the formation water as it is pumped. Where 
low permeability of the formation prevents a suitable rate of flow, well stimulation methods 
may be employed. These include hydraulic fracturing or fracking whereby large quantities of 
water, foam or gas are forced into the formation under extremely high pressure causing fine 
fracturing. Fractures are held open by the use of proppants such as fine sand, suspended in the 
injected fluid. Once fracturing is completed, the fluids (often many megalitres) are allowed to 
flow back to the surface and may require treatment before release to the environment. 
 
Of significance, the fractured formation becomes more permeable and water and gas flows 
are enhanced (NSW Dept of Industry:-Resources & Energy, 2015). Directional drilling 
techniques may be used in conjunction with or instead of hydraulic fracturing (NSW Dept of 
Industry:-Resources & Energy, 2015). 
 
Conventional gas resources are chemically similar in nature but accumulate or are trapped in 
geological formations with sufficient permeability that commercial flows can be achieved 
without well stimulation. Often these resources are at greater depth than unconventional ones. 
 
Community concern exists regarding the use of additives in fracking fluids and the potential 
for contamination of usable groundwater as a result of this process. There are also concerns 
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about the migration of fugitive methane to water wells and to the surface, and that fracking 
could artificially create flow paths between saline and usable aquifers. This concern is 
partially in response to reports from the Appalachian Basin and elsewhere in North America 
(Jackson et al., 2013; Osborn et al., 2011; Warner, et al., 2012) where unconventional gas 
extraction has been suspected to be the cause of contamination of potable groundwater 
supplies. 
 
3.3.3 Environmental Values 
Groundwater Dependent Ecosystems (GDE’s) 
The recent Bureau of Meteorology Groundwater Dependent Ecosystem Atlas (Bureau of 
Meteorology, 2012) identifies numerous GDE’s across the catchment (refer to Figure 3-6). 
The classification system used by BOM includes “GDE’s Dependent on Surface Expression 
of Groundwater”, “GDE’s reliant of subsurface groundwater” and “Inflow dependent 
ecosystems”. The GDE’s that have been identified in the catchment are “GDE’s Dependent 
on Surface Expression of Groundwater”. These have been determined from vegetation 
community type and known local hydrological conditions and consist mainly of streams, 
lagoons and wetlands, many of which contain paperbark (Melaleuca spp) and wet heath plant 
communities. Whilst the larger wetlands and lagoons are concentrated on the lowlands 
around Bungawalbin Creek, numerous smaller wetlands are also present on floodplains and 
in narrow valleys in the upper reaches of the catchment around Rappville, Busby’s Flat, 
Clearfield and Whiporie.  
 
Besides wetland communities, extensive lowland rainforest, grey box and red gum forests are 
present in the lower Bungawalbin catchment (e.g. Bungawalbin National Park, Doubleduke 
State Forest) and are considered likely to be GDE’s (Kuginis et al., 2012). 
 
Bungawalbin Wetland Cluster 
The Bungawalbin Wetland Cluster is the group of swamps, lagoons and other wetlands 
located around the lower reaches of Bungawalbin Creek. This area comprises approximately 
26,955 hectares, most of which is in private ownership and serves as a wildlife corridor 
between the coastal forests of the Doubleduke State Forest and Bungawalbin National Park 
further to the west (EcoLogical Australia, 2008).  
 
The wetlands of Lower Bungawalbin Creek are listed in the Directory of Important Wetlands 
Australia (DIWA), which identifies and documents nationally important wetlands 
(EcoLogical Australia, 2008) and has particularly high habitat values for numerous 
threatened fauna species (DECC 2008). These wetlands contain over 52 species of threatened 
flora and fauna including 10 species listed under the Commonwealth Environmental 
Protection and Biodiversity Conservation Act (1999) (EcoLogical Australia, 2008).  
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Figure 3-6. National parks, state forests and groundwater dependent ecosystems (GDE’s 
Dependent on Surface Expression of Groundwater). The Bungawalbin wetland cluster and 
upper limits of tidal flow are also shown. (Bureau of Meteorology, 2012; NSW National 
Parks & Wildlife Service, 2015) 
 
The Draft Plan of Management for Bundjalung State Conservation Area and Jackywalbyn 
State Conservation Area (NPWS 2011) list rare and threatened plant and animal species in 
the Bungawalbin area and make reference to the importance of surface and groundwater to 
the local ecology. 
 
The Richmond Valley Council’s 2012 Local Environmental Plan includes a more 
comprehensive mapping of wetlands and fish habitat areas (Richmond Valley Council, 2012), 
many of which correspond to the GDE’s identified by BOM.  
 
The level of threat to the Bungawalbin Wetland Cluster is considered “high”, mainly due to 
the possibility of clearing on private land. The need for better information on hydrological 
connectivity has been identified as important for more accurate assessment of the area and to 
assist in its management (DECC 2008). 
 
The Bundjalung and Jackywalbin State Conservation Areas, which contain some of the 
Bungawalbin wetlands are also considered highly significant for flora and fauna biodiversity. 
They contain 13 threatened species of flora under the Threatened Species Conservation Act 
(1995) and the Environmental Protection and Biodiversity Conservation Act (1999), 54 
threatened fauna species (under the same legislation) with nine migratory bird species (EPBC 
Act) (NSW National Parks and Wildlife Service 2011). 
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In summary, the literature confirms the presence of extensive, nationally significant high-
value ecosystems associated with Bungawalbin Creek and the Lower Richmond River. Many 
of these may be groundwater dependent ecosystems with both direct and indirect connections 
to local aquifers. 
 
Estuarine Ecology 
The fresh water tidal pool which extends from the Richmond River into Bungawalbin and 
Sandy Creeks is part of the Bungawalbin Wetland Cluster, providing extensive aquatic and 
littoral habitat (refer Figure 3-6). It is bounded upstream by incoming fresh water flows and 
downstream by its interface with salt water from the Richmond River estuary. 
 
The long-term behaviour of the salt water interface is still not fully understood. Pierson 
(1999) developed a mathematical model of salinity movement in the estuary, including 
Bungawalbin Creek, incorporating current rates of water extraction from the tidal pool. The 
study showed highly unsteady behaviour of salt water in the estuary during the modelling 
period (1940-1997), and that the high-value habitat in the Bungawalbin system was at risk 
during dry periods due to extraction of water from the tidal pool for agricultural uses. 
 
The ecological impacts of salinity intrusion events are known to be dependent on their 
magnitude (maximum level of salinity), frequency and duration however, little is known 
about the nature and extent of these impacts on ecosystem health in the tidal pool (Peirson, 
2001). 
 
There is evidence that during dry periods, the tidal pool exhibits some “buffering” behaviour, 
resulting in slower than expected upward movement of the salt water interface (Peirson, 
2001). Studies from the Hunter River estuary suggest that this may be a result of groundwater 
baseflow entering the tidal pool (Muschal (2006) cited in NSW Government (2010)). 
 
This highlights the importance of groundwater-surface water connectivity in maintaining 
ecological values in the tidal pool and places further importance on understanding how 
surface and groundwater interact in the lower reaches of the Bungawalbin catchment where 
groundwater inflows are thought to be significant. 
 
3.4 GEOLOGY 
3.4.1 The Clarence-Moreton Basin 
Within the study area, one of the earliest geological studies was by Lloyd (1946) who carried 
out extensive subsurface investigation and produced a detailed report on coal resources and 
related geology in the Moonem district. 
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The first systematic mapping and description of the Clarence-Moreton Basin in NSW was 
made by McElroy (1962). This paper collated the existing geological knowledge of the C-MB 
with an emphasis its coal reserves. 
 
Modern coal and hydrocarbon exploration work dating from the 1980s to the present has 
resulted in the drilling of dozens of exploration bores in the region including twelve within 
the study area. Published exploration and well completion reports provide stratigraphic 
analysis, petrography, geophysical and geochemical data although not all reports are 
published in their entirety (Department of Mineral Resources, 2015).  
 
In addition to drilling, several hundred kilometres of seismic surveys have been conducted 
within the Bungawalbin catchment. Airborne magnetic, gravity and radiometric data for the 
region was also publicly available (NSW Department of Mineral Resources, 2011; NSW 
Government, 1998).  
 
3.4.2 Overview of Geological Setting 
The Logan Sub-basin (refer Figure 3-7 ), incorporates outcropping areas of the Walloon Coal 
Measures, Orara Formation (Kangaroo Creek Sandstone Member and Bungawalbin Member) 
and Grafton Formation (Piora Member and Rappville Member) (refer Figure 3-8Error! 
Reference source not found.). 
 
The axis of the Logan Sub-basin syncline has its main axis running in a north-south direction, 
dipping towards the north. Seismic surveys indicate that sediments vary from 2500 to 4000 m 
in depth along the basin axis and have been deposited in fluvial, lacustrine and paludal 
environments (Sommacal et al., 2008). They are Jurassic to Triassic in age, of non-marine 
origin and unconformably overlie Ordovician to Triassic sediments and metasediments and 
igneous intrusives (Doig, 2012). The numerous deformations in its bedding pattern are an 
indication of the basin’s tectonic history (Brownlow, 2002). 
 
Stratigraphy in the C-MB has been developed from the scheme proposed by McElroy (1963) 
through several revisions by Flint et al (1976), Wells and O’Brien (1994), Ingram and 
Robertson (1996) to the most recent system by Doig (2012). The latter stratigraphic system 
has been adopted for this study and will be referred to throughout the text as it distinguishes 
more precisely between aquifers in the Post-Bundamba formations.   
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Figure 3-7. The Clarence-Moreton Basin showing Logan  
Sub-Basin and major geological structure (Doig, 2012). 
 
 
This study will consider only the shallower formations of the Post-Bundamba Group (refer 
Figure 3-9), which includes the WCM and younger units. This is because they outcrop in the 
study area and are most likely to have hydrological connections with alluvial aquifers and 
surface waters and to be affected by anthropogenic influences. 
 
Surface geology has been mapped at 1:100,000 scale for the eastern side of the study area 
(Woodburn 1:100,000 Geological Sheet 8539) (Brownlow, 2002) and on the western side at 
1:250,000 (Grafton 1:250,000 Geological Sheet SH56/06) (Brunker et al., 1976). In each 
case, the mapping employs the Clarence-Moreton Basin stratigraphic system after Flint 
(1976).  
 
In order to convert stratigraphic data from exploration reports and geological maps which 
have been recorded according to the stratigraphic scheme of Flint (1976), additional analysis 
has been necessary to distinguish the formations according to Doig (2012).  
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As Doig’s outcrop and subcrop mapping of sedimentary formations lacked extensive ground-
truthing (Doig, 2012), only the general geological form, rather than fine detail, was relied 
upon for this study. The mapping of the stratigraphic contact at the top of the Walloon Coal 
Measures remained essentially unchanged from Flint’s scheme, however, there were 
alterations to the mapping of the basal contact of the Grafton Formation, and the 
Bungawalbin, Piora and Rappville Members were added (refer Figure 3-10). 
 
 
Figure 3-8. Surface Geology (Doig, 2012). 
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Figure 3-9. Revised stratigraphic system for the Clarence-Moreton Basin (Doig, 2012). 
 
 
Figure 3-10. Revised Stratigraphic Nomenclature for the Post-Bundamba Units of the 
Clarence-Moreton Basin. (Doig, 2012) 
 
3.4.3 Tectono-Stratigraphic History 
A detailed account of the tectono-stratigraphic history of the Clarence-Moreton Basin has 
been developed by Sommacal (2008) based on a compilation of stratigraphic, gravity, 
magnetic and surface geology data. This study focussed on basement geology and the 
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tectonic processes causing its formation, culminating in the development of a three-
dimensional model of the “economic basement”.  
 
This study incorporates most prior geological knowledge on this subject and forms the basis 
for the following summary. 
 
The present-day formations of the Clarence-Moreton Basin were formed by a sequence of 
basin depression, sedimentary infilling and structural development. The basin developed 
within the subduction zone between the Pacific tectonic plate to the east and the Indo-
Australian Plate to the west. During the early Carboniferous period, subduction of the 
westward moving oceanic crust beneath the continental plate caused the development of an 
accretionary wedge at the plate margin. This material was then deformed during a period of 
dextral transtension known as the Denison Event in the Late Carboniferous. The tensional 
movement acted in a northeast-southwest direction and was followed by another dextral 
transtensional episode in the early Permian which resulted in oroclinal bending of the 
accretionary wedge.(Korsch et al., 1989; Sommacal, et al., 2008) 
 
Compression and transpression recurred in the early to mid- Triassic, causing the initial 
formation of a foreland basin between the volcanic arc to the west and the plate margin to the 
east. On formation of the basin, large-scale sedimentary infill began with the deposition of 
the Nymboida and Ipswich Coal Measures from the mid to late Triassic. 
 
The basin developed further by rifting during another period of dextral transtension in the late 
Triassic as additional sediment accumulated, much of which originated from the volcanic arc 
to the west (Sommacal, et al., 2008). 
 
An extensive period of thermal relaxation and the gradual “sagging” of basement material 
then followed to form the original basin. This lasted from the early Jurassic until the early 
Cretaceous during which time deposition of the Bundamba and Post-Bundamba (Walloon 
Coal Measures, Orara and Grafton Formations) sedimentary groups took place (OBrien, et 
al., 1994). 
  
The current depth of the basin indicates that up to 4000 m of sedimentary material was 
deposited from the late Triassic to the early Cretaceous. The full depth may have been greater 
than this, as truncation of the upper formations may have occurred due to subsequent uplift 
and erosion (Sommacal, et al., 2008). 
 
Both mineralogy and palaeocurrent analysis indicate a diversity of source rocks for each of 
the post-Bundamba stratigraphic units. Kangaroo Creek sandstone for example, is believed to 
be derived from volcanoclastic rocks of the “Texas High” several hundred kilometres to the 
north east (Wells et al., 1994). 
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Structural Development 
During and following their deposition, the sediments and basement rocks underwent major 
deformation and uplift caused by an additional period of east-west compression/transpression 
known as the “Moonie Event”. This is believed to have occurred during the Cretaceous, 
resulting in the characteristic synclinal structure of the Logan Sub-basin. Further northeast-
southwest transtension took place later in the Cretaceous and during the Tertiary causing 
further faulting and folding of the basin sediments. 
 
Whilst sedimentary units onlap the western boundary of the basin, indicating deposition 
contemporaneous with basin depression, the eastern boundary is much steeper, indicating 
uplift of the basin margin in the late Cretaceous (Cenomanian) (Sommacal, et al., 2008). 
Structures such as the Coaldale High and Grafton Trough were developed by dextral 
movements of the Coraki and East Richmond faults (OBrien, et al., 1994) (refer Figure 3-11).  
 
Based on its vertical extent, faulting in the Logan Sub-basin appears to have taken place at 
various stages of infilling right up to the late Jurassic (Brownlow, 2002; OBrien, et al., 1994). 
 
 
 
Figure 3-11. Tectonic Model for the southern Logan Sub-Basin of the Clarence-Moreton 
Basin (OBrien, et al., 1994). 
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Figure 3-12. Folding and faulting associated with a "restraining bend" and resulting in a 
"flower structure" on the Coraki Fault (OBrien, et al., 1994). 
Airborne magnetic data shows a small anomaly in the Bungawalbin area which is sinuous in 
appearance and which is consistent with displacement due to an intrasedimentary fault 
(Grauch et al., 2006). Brownlow (2002) has interpreted this feature as the Coraki Fault.  It is 
notable that it shows a “restraining bend” as predicted by O’Brien. 
 
Figure 3-13. Airborne total magnetic intensity (1st vertical derivative) 
(NSW_Department_of_Mineral_Resources, 2011). Two datasets have been combined – a 
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low resolution set (western side) and a high resolution set (eastern side). Note the small 
sinuous anomaly which is interpreted as the Coraki Fault (circled). 
3.4.4 Stratigraphy 
Walloon Coal Measures 
The Walloon Coal Measures (WCM) are the most widely distributed of the Clarence-
Moreton Basin Formations, extending from the southern end of the Logan Sub-Basin, 
northward to Ipswich and then westwards through the Laidley Sub-Basin and into the Surat 
Basin where they continue westward several hundred kilometres to the Taroom Trough 
(Doig, 2012). They are comprised of a wide variety of lithologies including volcanolithic 
sandstone, carbonaceous siltstone, shale and mudstone as well as coal, bentonite-rich siltstone 
and oil shale (Wells, et al., 1994). These lithologies were deposited within an alluvial plain 
environment, dominated by material of volcanic origin and including meandering channels, 
stream-bank levees and peat-forming wetlands (Doig, 2012). The source of the volcanic 
material is believed to be a volcanic arc system located to the east of the basin (Doig, 2012). 
 
In the study area, the WCM outcrop along the western edge of the Richmond Range 
escarpment, and on the eastern side of the Moonem Range where the surface topography 
reflects the westerly dip of the WCM and other sediments at approximately 6 degrees in the 
direction North 80° West (McElroy, 1962). 
 
 
 
Figure 3-14. Cross-section of C-MB sediments on the eastern side of the Logan Sub-basin 
(adapted from Brownlow (2002b). 
 
In the south east of the Logan Sub-Basin a volcanolithic sandstone facies has been identified 
at the top of the WCM by Flint (1976) and termed the “Maclean Sandstone Member”. It is 
differentiated from the remainder of the formation by the increased presence of cross-
stratified lithic and feldspathic sandstone with thin conglomerate and siltstone lenses and 
lesser amounts of carbonaceous materials.  
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Smith (1998) ascribed “Top”, “Middle” and “Lower” sub-units to the WCM. These 
designations are based on the proportion of coal present in each unit but have no other 
lithological significance. 
 
Orara Formation - Kangaroo Creek Sandstone Member 
This formation is most easily observed in the field as it outcrops extensively on the western 
side of the southern C-MB, forming cliffs up to several hundred metres in height. It is 
generally coarse-grained, friable and saccharoidal and comprised mainly of quartz detritus 
with characteristics of fluvial deposition including well-developed, large-scale planar cross-
bedding (Doig, 2012).  
 
The resistant Kangaroo Creek Sandstone Member (KCSS) contrasts clearly with easily 
erodible clays and shales of both the Walloon Coal Measures which it overlies 
unconformably in some places (McElroy, 1962; Wells, et al., 1994), and the younger Grafton 
Formation, which outcrops poorly and generally forms moderate to low-sloping topography 
(McElroy, 1962).  
 
The mineralogy of the quartz-dominated KCSS Member contrasts with the volcanoclastic 
feldspar-rich composition of the WCM, including the Maclean Member. It is generally well-
sorted, evenly bedded and consistent in composition, however, it changes gradationally in the 
north west of the Logan Sub-basin, outside the study area, grading into the more feldspathic 
labile sandstone of the Woodenbong Beds (Wells, et al., 1994). 
Orara Formation - Bungawalbin Member 
This relatively thin (45 – 115 m) clay and shale-rich layer has been intersected in a number of 
exploration bores across the southern C-MB, including Doig’s type-well (Bungawalbin 2), 
where it is 68 m in thickness (Doig, 2012). It comprises mudstone and carbonaceous 
mudstone interbedded with thin layers of fine quartzose sandstone which become thicker 
towards its base, conformably overlying the KCSS Member (Doig, 2012). It is believed to be 
more or less continuous across the Logan Sub-Basin although outcropping is rare due to its 
easily erodible nature. 
 
Grafton Formation 
The Grafton Formation is the youngest of the C-MB Mesozoic sediments and occurs near the 
basin axis from south of Grafton to approximately 10 km north of Casino (Wells, et al., 
1994). The fine sandstones, siltstones, mudstones and shales common in the formation 
indicate a low-energy depositional environment which is thought to be lacustrine and the 
occurrence of abundant andesitic fragments within the sediments indicates the presence of 
volcanism at or around the time of deposition in the middle to late Jurassic (Wells, et al., 
1994). 
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Doig (2012) has proposed a subdivision of the Grafton Formation according to the 
observations in the Bungawalbin 2 type-well. These have been termed the “Piora Member” 
and the “Rappville Member”. 
Grafton Formation - Piora Member 
This sandstone unit at the base of the Grafton Formation was formerly considered to be part 
of the Kangaroo Creek Sandstone. It is approximately 237 m in thickness at the Bungawalbin 
2 well and is comprised of medium to coarse-grained, well-sorted quartzose sandstone with a 
strongly-developed clay matrix and some low angle cross-bedding (Doig, 2012). The Piora 
member outcrops clearly to the west of the town of Casino where it is exposed in road 
cuttings in the Piora area. 
Grafton Formation - Rappville Member 
Comprised of interbedded sandstone, siltstone and claystone, the Rappville Member is the 
uppermost unit of the Grafton Formation. Its friable, easily-weathered nature has resulted in 
topography of low, gently-sloping hills and the absence of significant outcrops (Willis, 1994).  
 
The boundary with the underlying Piora Member is gradational and the full upper extent of 
the unit has probably been removed by erosion in most places. 
 
Tertiary Volcanics 
Surface geology at the northern end of the Logan Sub-Basin is dominated by volcanic 
extrusives of the Lamington Volcanic Group (Duggan et al., 1978) . These are mostly basalts 
which have been heavily eroded in the study area, where they exist only as occasional “caps” 
on hills and ridges (Brownlow, 2002). These occurrences are outliers of the Tertiary Kyogle 
Basalts which form part of the Lamington Volcanic Group overlying the C-MB formations to 
the north of Casino, around Lismore and on the Alstonville Plateau. In the study area they 
unconformably overlie the Post-Bundamba units of the C-MB. These basalt outliers may be 
up to 60 m thick but are more commonly between 10 and 40 m.  
 
Quaternary Alluvium 
On a regional scale, widespread areas of unconsolidated sediment extend from the valleys of 
the Great Dividing Range escarpment on the western side of the basin to the broad alluvial 
plains associated with the large coastal rivers in the region including the Clarence, Richmond, 
Brunswick, Tweed and Logan (Brunker, et al., 1976). 
 
The alluvial plains of the Bungawalbin Creek catchment are characterized by very flat 
topography and steep-sided stream channels incised up to10 m into the alluvium. Relict 
meandering stream channels remain as lagoons in the alluvium, “perched” above the current 
stream levels. Indicative of the flatness of the terrain in the lower catchment, streams often 
divide or dissipate into broad areas of swampland without clearly defined flow channels, as in 
the lower Sandy Creek catchment.  
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The structure of the alluvium is characteristically complex (Drury, 1982a) and its texture 
varies widely. Unconsolidated sands and gravels lie immediately above the consolidated 
bedrock and are overlain by silts and fine sands but with fine marine sediment in the extreme 
lower catchment. Its mineralogy reflects the source lithology which, in the case of the study 
area, is mostly located along the elevated areas of the Richmond Range on the western side of 
the C-MB. It is therefore largely re-worked material from the consolidated C-MB sediments 
and underlying metasediments, which have been eroded, sorted and deposited by Quaternary 
fluvial processes. 
 
Drury (1982a) carried out a detailed study of the stratigraphy, mineralogy, chemistry and 
hydrology of the unconsolidated alluvial sediments in the Richmond River catchment, 
including the Bungawalbin catchment. In contrast to the Richmond Valley, there were very 
few (seven) bores in the Bungawalbin catchment from which data could be collected. Hence 
Drury’s work could provide only limited conclusions in the current study area due to the 
scarcity of local data. 
 
Drury (1982a) identified and described eleven alluvial facies in the Richmond River Valley, 
three of which, the South Casino Gravel, Greenridge Formation and Gundurimba Clay, are 
present in the study area. 
South Casino Gravel 
The South Casino Gravel (SCG) is a fluviatile sediment found in palaeochannel environments 
at or near the base of the alluvium. Its mineralogy is predominantly detrital quartz which 
ranges in grain size from medium to coarse sand up to fine to medium gravel. Its mineralogy 
indicates that it is largely composed of re-worked material from the consolidated sediments 
exposed at the western margins of the Clarence-Moreton Basin (Drury, 1982a). 
Mineralogically, it is therefore similar to the Kangaroo Creek Sandstone Member which has 
been heavily eroded in upland areas on the western side of the catchment. 
 
It is not yet known whether the SCG is continuous from the upper to the lower catchment, 
however it is found along Myrtle Creek from Wyan to Rappville where it is up to 8 m thick, 
and along the lower reaches of Bungawalbin Creek at Yellow Crossing where intervals of 
around 15 m are intersected in two bores. It is also present adjacent to Sandy Creek at 
Ellangowan where its thickness is 11.5 m. In each case it unconformably overlies shaly 
bedrock or weathered products, probably of the Rappville Member (Grafton Formation).  
Exact determination of bedrock is difficult as most bores penetrate the formation for only 1-2 
m. 
 
Outside the study area, the SCG extends from the Richmond River valley at Kyogle, to the 
relict Bungawalbin bedrock channel adjacent to the Evans River at Evans Head (Drury, 
1982a), a distance of almost 70 kilometres. 
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Its widespread occurrence immediately overlying bedrock suggests a period of relatively high 
energy deposition during which large volumes of well-sorted gravel have accumulated in 
bedrock channels over hundreds of square kilometres. 
Greenridge Formation 
In the study area, the Greenridge Formation unconformably overlies the South Casino Gravel. 
The two formations share a similar lithology due to their common erosional source material, 
predominantly the Kangaroo Creek Sandstone Member, however in general, despite 
considerable variation, the Greenridge Formation, being a deltaic deposit, is more silt-rich 
than the SCG and is comprised mainly of sandy silts and silty sands (Drury, 1982a).  
 
The Greenridge Formation varies in thickness from 7 m along Sandy Creek at Ellangowan to 
15 m near Bungawalbin Creek at Yellow Crossing, with an apparent trend toward thickening 
in the downstream direction. 
Gundurimba Clay 
This is the only formation of marine origin to be found in the catchment and, although 
common throughout the lower Richmond catchment, is located only in the extreme lower 
parts of the study area. Texturally, the Gundurimba Clay consists mainly of silty clays and 
clay silts in the Coraki area. It is intersected at only one bore, (GW039167) near Bora Ridge, 
where it is over 30 m thick and replaces the Greenridge Formation, unconformably overlying 
the South Casino Gravel.  
 
3.5 HYDROGEOLOGY 
3.5.1 Post-Bundamba Consolidated Units 
Erosion has exposed the Post-Bundamba sediments at the margins of the Logan Sub-basin 
where they outcrop in elevated areas (e.g. the Moonem Range and Richmond Range) or 
subcrop beneath alluvial sediments associated with coastal floodplains, or beneath Tertiary 
volcanics (Brownlow, 2002). 
 
The Walloon Coal Measures (WCM) are considered an aquitard by comparison to the more 
permeable sandstone units that predominate in the C-MB, but nevertheless exhibit wide-
ranging permeability. Drill-stem testing of the WCM was carried out during exploration work 
in the Bungawalbin area and obtained values of hydraulic conductivity (K) ranging from less 
than 0.08 m/day below 300 m depth, to approximately160 m/day at 157 m depth (refer Figure 
3-15). 
 
Despite their generally low permeability and marginal water quality, a number of bores in the 
study area (and numerous bores in other areas) are screened into the WCM. Drury (1982a) 
carried out pump testing on bores in the Richmond Valley to determine transmissivities for a 
number of consolidated C-MB aquifers including the WCM. In all cases, transmissivity in the 
WCM was less than 10 m
2
/day (refer Figure 3-16). 
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Doig (2012) infers very low permeability in the Maclean Sandstone member and suggests 
that this unit acts as a regional aquiclude, trapping gas generated within the WCM 
immediately below. 
 
The Kangaroo Creek Sandstone Member (Orara Formation) together with the Piora Member 
(Grafton Formation) are considered the most significant aquifers of the Post-Bundamba 
sequence. Although transmissivity values measured in the Kangaroo Creek Sandstone are up 
to 250 m
2
/day (Drury, 1982a), most values are below 60 m
2
/day, and all values from the 
Grafton Formation are less than 30 m
2
/day. Aquifer porosity is limited by a clay-rich matrix 
in the Piora and by the effects of burial diagenesis in the KCSS (Doig, 2012).  
 
Hydrogeological information on the Piora Member is scarce due to its relatively recent 
identification, however anecdotal evidence from drillers in the area suggests that it contains 
substantial volumes of relatively fresh water (Hodda, 2015). Despite this, water quality is 
expected to decrease with distance from recharge areas at the edges of the basin. This appears 
to be supported by historical measurements of electrical conductivity from bores in the Piora 
Member at Camira Crossing and Whiporie where values of 7000 – 10,000 uS/cm were 
recorded in 1994 (NSW Office of Water, 2010). 
 
 
 
Figure 3-15. Permeability (m/day) v Depth (m) plot from drill-stem tests in the Walloon Coal 
Measures in exploration bores PCBC1 and PCBC3 at Bungawalbin (Smith, 1998). 
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The Rappville Member of the Grafton Formation has been considered an aquiclude (Doig, 
2012), however logs from registered bores show that a number of bores are screened into this 
unit and produce modest flows suitable for stock and domestic use. 
 
McKibbin (1995) estimated storage volumes for each of the C-MB consolidated aquifers as 
well as alluvium and basaltic aquifers throughout the North Coast Region. Kangaroo Creek 
Sandstone (as defined by Flint (1976)) was found to contain by far the largest storage 
capacity and annual yield as well as the lowest median salinity and the highest transmissivity 
values of all the aquifers assessed, making it the most suitable target for usable water supply 
in the consolidated sediments (refer Figure 3-17).  
 
The north-plunging syncline structure of the basin suggests that water in the consolidated 
sediments tends to move from outcropping areas at the basin margins, beneath confining units 
such as the Maclean Sandstone, Bungawalbin and Rappville Members towards the basin axis 
and then to the north. However relatively low aquifer permeabilities indicate that the rate of 
movement is slow and that the influence of recharge areas is unlikely to extend far from the 
exposed outcrops (Doig, 2012).  
 
The local and regional influence of geologic structures such as faults and localized folding on 
this flow trend is unknown. 
 
 
Figure 3-16. Transmissivity values for consolidated aquifers in the Southern Clarence-
Moreton Basin (Drury, 1982). Note: Stratigraphic nomenclature is from Flint (1976). 
Kangaroo Creek Sandstone corresponds to Orara Fm (Kangaroo Creek Mbr + Bungawalbin 
Mbr) and Grafton Fm corresponds to Piora Mbr + Rappville Mbr.  
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3.5.2 Alluvium 
South Casino Gravel 
In most places in the Bungawalbin catchment, the SCG behaves as a semi-confined aquifer, 
with borehole logs regularly showing potentiometric surfaces several metres above the 
aquifer’s upper boundary. Less commonly, it may be fully confined, however alluvial 
confining layers are highly variable in thickness and composition, and may not provide 
continuous confining conditions over large areas. 
 
Bores in the South Casino Gravel yielded the highest flow rates of the unconsolidated 
sediments in the study area, with hydraulic conductivities from  <0.8 – 155 m/day and 
transmissivities from 10 – 556 m2/day (Drury, 1982a). 
 
The occurrence of the SCG at all bores in the alluvium suggests that it may be continuous and 
therefore hydraulically connected from the upper to the lower catchment, however this has 
not yet been demonstrated. 
 
 
Figure 3-17. Estimated Storage, Annual Yield and Median TDS for Post-Bundamba Units of 
the Clarence-Moreton Basin and Richmond River Alluvium, after McKibbin (1995). Note: 
Stratigraphic nomenclature is from Flint (1976). Kangaroo Creek Sandstone corresponds to 
Orara Fm (Kangaroo Creek Mbr + Bungawalbin Mbr) and Grafton Fm corresponds to Piora 
Mbr + Rappville Mbr. 
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Greenridge Formation 
The boundary between the SCG and the Greenridge Formation is frequently gradational and 
often not easily distinguished. Due to its finer grainsize distribution and therefore lower 
hydraulic conductivity, the Greenridge Formation acts as an aquitard, confining the 
underlying South Casino Gravel aquifer (Drury, 1982). 
 
No hydrological data is available for the Greenridge Formation within the study area. Drill 
logs indicate that this is because bores intersecting the formation did not encounter any water 
bearing zones within it. However, pump testing by Drury in bores outside the study area 
determined that typical hydraulic conductivities in the Greenridge Formation ranged from 0.2 
– 32 m/day, with transmissivities from 1.1 – 167 m2/day. 
 
Gundurimba Clay 
Due to its thickness (approximately 30 m) and very fine texture, the Gundurimba Clay is 
considered an aquiclude and probably fully confines the South Casino Gravel to the extent it 
occurs in the lower reaches of Sandy and Bungawalbin Creeks. 
 
No measurement of hydraulic conductivity was available for this formation, however, by 
comparison, Brodie (2007) found the estuarine Pimlico Clay formation in the northern 
Richmond catchment  had hydraulic conductivity values ranging from 0.0002 to 0.8 m/day. 
 
Due to its marine origin, the Gundurimba Clay contains widespread deposits of pyrite which   
gives rise to acid sulfate soils (ASS) when oxidized. It therefore has a significant influence on 
the chemistry of the lower catchment, particularly where artificial drainage has lowered local 
water tables, causing oxidation of pyrite in its upper layers. 
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Figure 3-18. Approximate extent of alluvium, highlighting the South Casino Gravel aquifer 
(adapted from Drury (1982a) 
 
Tertiary Volcanics 
Volcanics are rare in the study area and are limited mainly to remnant basalt outcrops as 
narrow “ridge caps” in the Ellangowan and Yorklea areas (Brownlow, 2002; Brunker, et al., 
1976).  
 
By comparison with bores in the Lismore Basalts on the Alstonville Plateau (Drury, 1982a), 
bores within basalt outcrops in the study area yield relatively poorly, probably due to the 
limited depth and extent of the aquifer. Maximum bore yields of up to 7 litres per second 
have been recorded in the Ellangowan area (NSW Office of Water, 2013), however no 
transmissivity or hydraulic conductivity data is available. Historical data indicates water 
quality in local basalts is marginal, with EC frequently exceeding 4000 uS/cm. 
 
3.5.3 Fault Hydrogeology 
The Coraki Fault traverses the study area from north to south in the Bungawalbin and 
Gibberagee areas and appears to have been re-activated multiple times over the basin’s 
sedimentary history (OBrien, et al., 1994). Surface geomorphology such as the Moonem 
Range and the abrupt northward turn in Myrtle/Bungawalbin Creeks both appear to be fault-
controlled features and are evidence of relatively recent activity of the fault. An apparent 
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deflection and branching of the fault in the Bungawalbin area is thought to be a “restraining 
bend”, which may have resulted in the formation of a “flower structure” (refer Figure 3-12). 
A seismic traverse of the fault locality has also identified a back-thrust fault, probably 
explaining the eastern branch of the fault in the Bungawalbin area (refer to Figure 3-19). 
 
This geologic deformation is of particular significance with regard to hydrogeology as the 
various fracture planes (including flower and backthrust structures) may have significantly 
altered the hydraulic conductivity of the sedimentary formations.  
Faults may possess permeabilities several orders of magnitude higher or lower than 
surrounding formations so may therefore have a major influence on regional groundwater 
flows (Underschultz, et al., 2005). Bense, et al. (2013) summarizes fault processes that 
enhance or reduce hydraulic conductivity. Those enhancing permeability include particulate 
flow, fracturing and brecciation, while those decreasing permeability include sediment 
mixing, clay smear and cataclasis. Secondary processes also affecting fault hydrology include 
compaction and cementation of unlithified rock in the fault zone and dissolution or 
cementation of minerals within fracture networks. In addition, where fault throw is 
significant, juxtaposition of rock units with varying properties can be a major factor in 
determining the overall hydrological impact of the fault on regional groundwater flows. 
 
Section 3.4.3 contains a summary of the major tectonic events that were responsible for 
deformation and faulting of the C-MB sediments. Of relevance to the Post-Bundamba units 
are events that occurred during and after the Jurassic, most notably the “Moonie Event”, a 
compression/transpression period in the mid-Cretaceous (Sommacal, et al., 2008). This event 
caused compression of the entire Clarence-Moreton Basin in an east-west direction, creating 
the present synclinal structure. This was followed by an extensional event, with crustal 
movement in a east-northeast – west-southwesterly direction and resulting in the heating and 
uplift of the eastern part of the C-MB (Sommacal, et al., 2008). Both of these Cretaceous 
events are likely to have caused folding and faulting in the Post-Bundamba units of the basin, 
which extends upwards through the Grafton Formation (Shaw 1978).  
 
From a hydrological perspective, this suggests that fault structures, including the Coraki 
Fault, may influence groundwater movement from a depth at least equal to the base of the 
Walloon Coal Measures, upward to the top of the present-day consolidated sediments. Given 
the potential for modified hydrological properties along these fault planes, they may represent 
significant factors in determining regional groundwater flows. Any effects of geological 
structure however, are likely to be complicated by the highly variable permeabilities in the C-
MB sediments themselves (Drury, 1982a; McKibbin, 1995). 
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Figure 3-19. Seismic section near Coraki showing east-dipping thrust fault (Coraki Fault) and 
west-dipping backthrust. Note – fault extends to full depth of the C-MB (OBrien, et al., 
1994). 
 
 
3.6 SUMMARY 
The study area is comprised of diverse landforms which lie across a narrow synclinal 
sedimentary basin. Economic land uses of various kinds co-exist with high-value ecological 
communities, all of which are intrinsically linked to water resources. The hydrological system 
in the study area is complex and multi-faceted, and comprises the consolidated sediments of 
the Clarence-Moreton Basin, the shallow alluvium and diverse surface waters including 
streams, wetlands and a large fresh water tidal pool. Understanding the function of this 
complex and diverse system and the connections that exist within it allows an appreciation of 
its significance as a resource and will assist in ensuring its sustainable management. 
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Chapter 4: Methods and Techniques Used 
4.1 BACKGROUND TO METHODS 
4.1.1 Introduction. 
Considering the features of the study area and the aims of the project, this chapter will outline 
the methods selected for the investigation of the hydrogeology. The broad-ranging objective 
of this study has required an approach that incorporates a range of geoscientific techniques to 
establish the various hydrological processes. Hydraulic, geochemical, isotopic and 
geophysical methods have been employed to investigate both surface and groundwater 
systems. The multiple investigation techniques have been used to provide separate and 
independent lines of evidence in relation to hypotheses and research questions. 
 
In summary, data collection activities included: 
 Chemical and isotopic analysis of surface and groundwater   
 Water level and flow measurement (in streams and groundwater bores) 
 Acquisition of geophysical data to provide information on the structure and 
morphology of the subsurface 
 
The following sections provide some background to the methodologies employed and the 
rationale for their use. 
 
4.1.2 Hydrogeochemistry 
Major Ion Chemistry 
Major ion chemistry allows water types to be established and provides insights into the 
source and flow-paths of surface and groundwaters. Analysis of major ions is the initial step 
in determining the chemical character of environmental waters and numerous major ion 
studies have been carried out. 
 
Drury (1982a) developed a geochemical model of processes affecting the major ion chemistry 
and physico-chemical parameters of water in the Richmond River alluvium. The model 
considered the effect of hydrological processes such as evaporation, condensation, infiltration 
and evapotranspiration. It also included geochemical processes within the soil profile and 
alluvial aquifers such as organic matter decomposition and mineral dissolution. Drury 
highlighted process such as redox reactions, cation exchange and the effect of pH on 
solubility of various ions. This model is considered a useful starting point for major ion 
chemistry in this study. 
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Duvert, et al. (2015) evaluated several naturally-occurring geochemical and isotopic tracers 
to determine recharge, inter-aquifer mixing and hydrochemical processes in an alluvial 
aquifer overlying consolidated sediments of the Clarence-Moreton Basin.  Groundwaters 
from the Walloon Coal Measures were characterized using major ion water types, ion ratios 
and isotopic signatures including δ13C of dissolved inorganic carbon. 
 
Results from Duvert’s work confirm that a similar approach could be successful in 
distinguishing aquifer interactions, particularly between C-MB aquifers and the alluvium. 
 
δ2H and δ18O of Water. 
Stable isotopes of water (δ2H and δ18O) have been widely used for over 50 years to provide 
information on hydrological processes such as evaporation and recharge sources (Coplen et 
al., 2000).  
 
Recent examples from Australia such as King, et al. (2012) used stable isotopes in 
conjunction with hydrological and major ion geochemistry data to determine recharge 
processes, including interaction with underlying bedrock, in an alluvial aquifer in the 
catchment of Cressbrook Creek, west of Brisbane, Queensland. Hofmann et al. (2013) also 
used stable isotopes in conjunction with major ion chemistry to investigate geochemical 
process in the on-shore aquifers of the Gippsland Basin in Victoria. Other Australian stable 
isotope studies have investigated groundwater recharge in the Murray River Basin (e.g. 
Cartwright et al. (2006)) and groundwater-surface water interaction in hypersaline lakes (e.g. 
Herczeg et al. (1992)). These examples indicate that stable isotope analysis could provide 
similar useful information in the context of this study. 
 
δ2H and δ13C of Methane. 
Numerous authors including Whiticar, et al. (1986) and Rice (1993) have used ratios of stable 
isotopes 
2
H and 
13
C of dissolved CH4 to determine methane formation pathways. This 
methodology gives insight into the source of dissolved methane in groundwaters, as 
biogenically produced methane is more likely to be produced under reducing conditions in 
shallow aquifers while thermogenic methane usually originates under high temperatures in 
deeper aquifers (Whiticar, 1999). 
 
In studies from North America, Cheung (2010) used isotopic analysis as part of a process for 
establishing baseline properties for detection of  stray gas and formation fluids from CSG 
production;  Bolton et al. (2012) used similar methods to determine the origin of methane in 
water wells on the Appalachian Plateau, Maryland. Similarly, Osborn, et al. (2011); Warner, 
et al. (2012) and Sharma et al. (2014) found that stable isotope analysis of water, dissolved 
inorganic carbon and methane assisted in distinguishing waters from gas production target 
formations from those of shallow aquifers used for drinking water. 
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In the Australian context, Kinnon et al. (2010) used methane isotopes with other methods to 
determine groundwater flow pathways and recharge zones in coal-seam gas production 
formations in the Bowen Basin, central Queensland and Atkins et al. (2015) used methane 
13
C isotope analysis to provide information on the likely origin of dissolved methane from 
alluvial, basalt and consolidated Clarence-Moreton Basin sediments in the Richmond River 
catchment.  
 
These studies show the widespread use of the methodology, particularly in relation to 
research problems associated with CSG. 
 
  
δ13C of Dissolved Inorganic Carbon (DIC). 
Naturally-occurring groundwaters usually contain depleted 
13
CDIC, however where methane is 
formed biogenically, preferential removal of 
12
C in methanogenic processes such as CO2 
reduction and acetate fermentation, causes 
13
C enrichment in the inorganic carbon pool (Rice, 
1993). This natural fractionation of 
13
CDIC allows the isotopic signature to be used as an 
indicator of biogenic methane production. 
 
Quillinan et al. (2014) analysed samples from 197 CSG wells from the Powder River Basin  
and found that enriched values of 
13
C in groundwaters were a reliable indicator of the 
presence of biogenically produced methane in that setting. The study also showed that 
13
CDIC  
became more enriched along groundwater flow paths where methanogenesis was occurring. 
Sharma, et al. (2014) also investigated the relationship between 
13
CDIC and biogenic methane 
and found that elevated 
13
CDIC values could be used to track produced water from CSG 
production formations into shallow alluvial aquifers. 
 
222
Radon. 
The process of groundwater discharge to surface waters has been widely studied using the 
naturally-occurring radioactive isotope Radon 222 (
222
Rn). Numerous authors have carried 
out radon studies to quantitatively determine groundwater discharge rates to streams. These 
include Cook et al. (2011) who estimated groundwater discharge to the Burdekin River and 
its tributaries, and Khadka et al. (2014) who used continuous measurement of 
222
Rn to 
determine groundwater discharge into a spring-fed stream in Florida, USA.  
 
Mullinger N.J. (2008, 2009); Mullinger et al. (2007) examined spatial and temporal 
variability in groundwater radon and found that a combination of radium concentration and 
radon emanation in riparian alluvial sediments controlled the concentration of radon in 
groundwater. These studies also developed quantitative methods for discharge estimation in 
two catchments in the United Kingdom.  
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Burnett W.C. (2010) used radon time series and hydrological measurements to assess 
groundwater discharge into large man-made drains in coastal Florida. 
 
In close proximity to the study area, Santos (2012; 2011) and Atkins, et al. (2013) used 
222
Rn 
in the northern Richmond River catchment to investigate groundwater flux from coastal 
lowland soils (including acid sulfate soils) to artificial drains in the Tuckean Swamp. 
 
Radon has also been used to estimate groundwater recharge from the Waimakariri River to 
the alluvial aquifer of the Canterbury Plains in New Zealand (Close et al., 2014). 
 
Extensive use in groundwater studies has shown that radon analysis of surface and 
groundwater is able to add significantly to the understanding of groundwater/surface water 
interaction. 
 
4.1.3 Hydrological Investigation 
Surface and Groundwater Levels 
Stream levels and bore standing water levels may be used to establish groundwater gradients 
in a first-order assessment of groundwater flow paths. It is critical to be able to reduce 
measured levels to the same datum so that direct comparison may be made between them. 
Estimation of stream baseflow is an important component of the study, giving insight into the 
relative importance of groundwater discharge to surface stream flows. Estimates of baseflow 
following a storm event may be derived mathematically from streamflow hydrographs 
(Linsey et al., 1975) or by simple measurement of streamflow under dry conditions when no 
runoff is occurring. A novel methodology is required to estimate net stream flows from a 
stream hydrograph under tidal conditions such as occur in the lower reaches of Bungawalbin 
Creek, where no flow-calibrated cross-sections are available.  
 
4.1.4 Geophysical Investigation 
Alluvial aquifers usually have a high degree of spatial variability due to the often complex 
processes that lead to their deposition. In order to develop some appreciation of local aquifer 
variability including depth to bedrock, sediment texture and water quality, a method was 
required that would provide sufficiently high resolution imaging to capture hydrologically 
important features. At the same time, the method would also need to achieve sufficient depth 
penetration to reach at least to the bedrock at the base of the alluvium. This required careful 
consideration as depth penetration and imaging resolution are inversely proportional for most 
geophysical methods. Preliminary information indicated that bedrock depths were in excess 
of 30 metres in some places, and that sands, silts and clays were interbedded in complex 
formations. 
 
Under these conditions it was decided that the electrical (rather than acoustic) properties of 
the subsurface were most likely to provide the greatest resolution between the various 
hydrogeological facies. Method selection therefore concentrated on those techniques which 
are based on the substrate’s electrical characteristics. Several geophysical methods were 
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evaluated for use under these conditions including ground penetrating radar (GPR), DC 
electrical resistivity and transient electromagnetics (TEM). 
 
Ground Penetrating Radar (GPR) 
Ground penetrating radar has been used extensively to map water tables and other aquifer 
properties in shallow alluvial aquifers (Annan, 2005; Cardimona, 1998; Strobach et al., 
2009). The GPR system emits a broad-band electromagnetic pulse at the surface and detects 
reflected and refracted electromagnetic waves returning from features below the ground 
(Annan, 2005). Whilst the technique provides very high-resolution imagery, its major 
limitation is its effective depth of imaging (Pettifer et al., 2004). Under ideal conditions such 
as dry, crystalline rocks, GPR can achieve imaging depths of several tens of metres. 
However, where the subsurface is electrically conductive, such as in heavy clay soils or 
where moisture content is high, the penetration of the GPR signal may be limited to 1-2 
metres or less (Annan, 2005; Ezzy et al., 2006). As the latter conditions were typical of the 
study area and penetration below the water table was required, GPR was not considered a 
suitable technique. 
DC Resistivity 
Direct Current (DC) electrical resistivity is a widely-used method for investigating alluvial 
aquifers and distinguishes between horizons and other features based on their capacity to 
conduct electrical current (Mele et al., 2012; Pettifer, et al., 2004). The technique involves 
passing a DC electrical current through the ground and measuring electrical resistance 
between electrodes arranged in a linear array. Groundwater investigations using DC 
resistivity usually incorporate apparent transverse resistance (ATR) measurements to 
delineate horizontal structure, combined with vertical electrical soundings (VES) to 
determine depth to bedrock or other layers (Pettifer, et al., 2004). The technique has the 
advantage of being technically simple and under suitable conditions where electrical contrasts 
between features are high, depth penetration of well over 100 metres is possible (Di_Maio et 
al., 2014). However, acquisition of data using this technique is relatively slow and personnel 
requirements for conducting a survey are high. The technique was considered to be 
technically suitable, however given the time and resources available, it was not considered a 
practical solution for this study.  
 
Transient Electromagnetics (TEM) 
Transient Electromagnetics or TEM (also known as Time-Domain Electromagnetics or 
TDEM) is an inductive electrical technique which has been refined in recent years to become 
widely-used in hydrogeological applications (Christiansen et al., 2009). Similar to DC 
resistivity surveys, TEM also distinguishes geological and hydrogeological features based on 
their electrical resistivity. The technique uses electromagnetic induction from a coil at the 
surface to induce very small electrical currents in conductive features below the ground. 
These secondary currents create their own electromagnetic fields which are in turn, detected 
by another coil at the surface and recorded as a voltage. Because direct electrical contact with 
the ground is not required for this technique, the equipment for a TEM survey has been 
adapted for mounting on a vehicle (or aircraft) with data acquired continuously during a 
survey traverse. The practical imaging depth for the TEM system under consideration is 
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variable depending on conditions, but a depth of penetration of 50-60 m was estimated for the 
study area (Allen, 2014a). 
4.2 Summary of Methods Used 
4.2.1 Introduction 
The program of data acquisition was designed to provide information where existing data was 
either inadequate or unsuitable to assist in answering the research questions, which are re-
stated below: 
 
 What and where are the dominant mechanisms for alluvial aquifer recharge? 
 Where and to what extent does groundwater discharge to surface water in the 
catchment? 
 What is the role of geological faults in the area with regard to local and regional 
groundwater flow? 
 
Table 4-1 summarizes the data types required to address these research questions as well as 
the availability of existing data prior to the study. It shows that most existing data relates to 
geological stratigraphy and downhole geophysics, with limited chemistry, isotope and 
hydrology data available.  
Table 4-1. Summary of data availability according to research areas. 
 Research Areas 
 Alluvial 
aquifer 
recharge 
Connectivity 
between alluvium 
and consolidated 
aquifers 
Groundwater 
discharge 
Fault 
hydrology 
Major Ion 
Chemistry 
Limited Limited Limited Limited 
pH, Eh, DO and 
EC 
Limited Limited Limited Limited 
Radon 
 
Unavailable  Unavailable  
δ18O & δ2H of 
Water 
Unavailable Unavailable Unavailable Unavailable 
δ2H & δ13C of 
CH4  
Unavailable Limited  Limited 
Alluvial 
Stratigraphy 
Available Available Available  
C-MB 
Stratigraphy 
 Available  Available 
Borehole 
Geophysics 
   Available 
Surface and 
Groundwater 
Hydrographs 
Limited  Limited  
Subsurface 
Imaging 
(Geophysics) 
Unavailable Unavailable Unavailable  
Green indicates sufficient data available for the study. Red indicates additional data required. 
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4.2.2 Hydrological Data Collection 
Surface Water 
Groundwater baseflow to Bungawalbin Creek was estimated by measuring stream flow 
during a period of minimal surface run-off. Due to complex non-steady state tidal flow 
conditions, it was necessary to carry out continuous measurement of water levels to obtain 
the required data to estimate net flow. 
 
Direct streamflow measurements were also carried out by measuring water velocity over 
stream cross-sections using a hand-held current meter. 
 
A detailed explanation of baseflow calculation is provided in Appendix 1. 
 
Groundwater 
Groundwater levels were measured in sampling bores over the period from December 2014 
to March 2015. Level measurements were not possible at equipped bores where installed 
pumps could not be removed. 
 
At locations where monitoring bores were close to creeks and access permitted, stream levels 
were measured relative to bore surface elevations using an automatic optical level and staff. 
This allowed groundwater levels to be related to stream levels and gradients established. 
 
4.2.3 Water Sampling 
Surface water sampling sites were selected to be as representative as possible of the various 
sub-catchments in the study area, however obtaining access to sampling sites on private land 
was frequently problematic and a significant constraint to sampling design. 
 
General Sampling Procedure 
All samples were collected with zero headspace, immediately placed on ice and remained 
chilled until delivery to the laboratory. Samples for metal analysis were acidified to 
approximately pH 2.0 with 1M HNO3 and dissolved metal samples were filtered in the field 
using 40 micron filter paper and a vacuum filter system. 
 
Samples for phosphorus and nitrogen analysis were acidified with sulfuric acid, as were 
hydrocarbon samples, which were collected in amber glass containers. 
 
Samples for stable isotope (δ2H & δ18O) analysis were also field-filtered to 40 microns. 
Methane isotope samples (δ2H & δ13C) and samples for 13C of DIC were filtered to 20 
microns, and stored in 12mL glass “Exetainer” vials. Methane isotope samples were acidified 
with 1M HCl. 
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Samples for radon analysis were collected in 250 mL glass bottles, filled carefully from 
below the water surface to minimize de-gassing of dissolved radon, and were analysed within 
6 hours of collection.  
 
 
Field Quality Assurance 
All field sample processing equipment was triple-rinsed with MilliQ® ultrapure water 
between samples and collection vessels for surface water, where used, were triple-rinsed with 
new sample water prior to sampling. 
 
At least one duplicate sample, one equipment blank and one trip blank were analysed per 10 
field samples. 
 
 
Groundwater Sampling 
Groundwater samples were collected generally in accordance with Geoscience Australia 
“Groundwater Sampling – A Field Guide” (Sundaram et al., 2009). 
 
Low Flow Sampling 
Most groundwater samples were collected using “low flow” sampling procedures according 
to Sundaram, et al. (2009). 
 
The advantage of this method is that it is not necessary to pump large volumes of water to 
purge a bore. This reduces sampling time and problems associated with water disposal. The 
low flow conditions are also less likely to cause dissolved gases to volatilize during pumping. 
 
Sampling was undertaken using a Geotech® bladder pump driven by a petrol-powered air 
compressor which was located away from the sample preparation area to avoid any 
contamination of water samples by exhaust. 
 
The screened interval for each bore was determined from bore logs and the sampling pump 
lowered so that the intake was positioned at approximately the centre of the screened interval. 
The pump was started and pump inflow/outflow times adjusted to maximise flow, which was 
typically around 0.2 – 0.5 litres per minute. 
 
At the surface, water from the pump passed through a flow cell where temperature, pH, 
electrical conductivity, dissolved oxygen and redox potential were measured using a YSI 
multi-parameter water quality probe. All parameters along with standing water level in the 
bore were recorded approximately every five minutes until the water level remained constant 
and all values stabilized to within approximately 5%. 
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Stable readings indicated that water entering the pump was being drawn from the aquifer 
rather than from the water column within the bore and was therefore representative of 
ambient groundwater conditions. 
 
High-Flow Sampling 
Some private bores were equipped with submersible centrifugal pumps and low-flow 
sampling was not possible. In these cases, the installed pump was used. Bore purging was 
carried out so that a volume of water equivalent to at least three times the wetted bore volume 
was pumped prior to sampling. Once purging was completed, water parameters were 
monitored to confirm that they were stable. At this point it was assumed that all water from 
within the bore casing had been removed, leaving only formation water in the bore. 
 
In one case (GW056967), which was a 0.9 m diameter open well with no installed pump, 
purging was carried out by manual baling. 
 
4.2.4 Analysis of Water Samples 
Geochemical processes for both surface and groundwater were investigated by undertaking a 
broad suite of geochemical analyses including: 
 
 Physico-chemical parameters (temperature, pH, electrical conductivity, redox 
potential, dissolved oxygen) 
 Major cations and anions (including alkalinity) – Na, K, Ca, Mg, Cl, SO4, CO3, HCO3  
 Nutrients – NH3, NO2, NO3, TKN 
 Stable isotopes of water (δ2H and δ18O) 
 Stable isotopes of methane (δ2H and δ13C) 
 13C of DIC 
 222Radon 
 
Appendix 2 contains details of analytical techniques and laboratories used for surface and 
groundwater analyses. 
 
Most of these analytes are either used as natural tracers or indicators of surface and 
groundwater processes (Hounslow, 1995).  In addition, nutrient analyses (e.g. N and P 
species) were important indicators of the influence of land use such as agriculture. 
 
 
4.2.5 Transient Electromagnetic Survey 
TEM Background 
Electrical conductivity of the subsurface varies according to a number of factors including 
porosity, saturation and electrical resistivity of groundwater (inverse of conductivity). Archie 
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(1941) described the relationship between formation resistivity, porosity and saturation 
according to the following equation: 
 
Rt = aϕ
-m 
Sw
-n 
Rw     Equation 4-1. Archie’s Law (Archie, 1941) 
Where: 
 Rt = resistivity of saturated formation 
 a = tortuosity factor 
 ϕ = porosity 
 m = cementation exponent 
 Sw = saturation 
 n = saturation exponent 
 Rw = resistivity of groundwater 
 
Whilst no attempt has been made to quantify hydrological properties from electrical data as 
described by Mele, et al. (2012), an understanding of this empirical relationship assists in 
interpreting the TEM data. 
 
Figure 4-1 shows how the bulk electrical conductivity of saturated soil varies with salinity 
and soil texture, demonstrating the non-uniqueness of interpretation for each conductivity 
value, and that knowledge of site conditions is necessary to deduce a reasonable 
interpretation from TEM data. 
 
 
Figure 4-1. Electrical conductivity of water and saturated soil showing the influence of 
salinity and soil texture. ((Slavich et al., 1993) cited in Allen (2014b)). Conversion factor for 
salinity (mg/L) to conductivity (uS/cm) is 0.64. Note, values are all for saturated soil. Where 
soil is unsaturated, conductivity decreases. 
 
In this study, known conditions such as depth and composition of stratigraphic layers, 
groundwater EC and bulk formation electrical properties have been used to constrain the 
TEM data and develop likely interpretations. 
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Field Survey 
The TEM field survey was carried out from 21 – 22 October 2014 at the properties of 
Naturally Australian Tea Tree Oil Pty Ltd at Bungawalbin, and Mr Stephen Bennett at 
Rappville (refer Figure 5-23). The continuous-acquisition survey and subsequent data 
processing was performed by Dr David Allen of Groundwater Imaging Pty Ltd. 
 
The objective of the survey was to image alluvial and consolidated formations based on their 
electrical properties (i.e. conductivity) so as to distinguish hydrogeological features such as 
areas of recharge, bedrock interface and structural features within the alluvium and 
consolidated sediments. 
 
Weather conditions during and for several weeks prior to the survey were fine and the ground 
surface was dry, indicating that water content in surface soil would be relatively low. 
 
 
TEM Operation 
Data acquisition was carried out using a proprietary vehicle-mounted “AgTEM” survey 
system which included a Monash GeoScope TerraTEM console, with a TEMTx32 transmitter 
connected to a 5 m x 6.5 m two-turn transmission loop (refer Figure 4-2). Positioning was 
recorded with a Trimble AgGPS114 global positioning system receiving Omnistar DGPS 
corrections. 
 
The AgTEM transmitter unit sends multiple pulses of electrical current through the 
transmission loop. As each pulse is switched off, the instantaneous change in magnetic field 
induces eddy currents in conductive sub-surface material (Figure 4-1a.). The induced eddy 
currents then create a secondary magnetic field which, in turn induces a current in the 
receiver coil with a resulting time-dependant decaying voltage across the coil terminals 
(Figure 4-2b.). The decay curve of this voltage (referred to as the “transient”) is recorded by 
the TerraTEM console with time being proportional to conductor depth. Other factors such as 
the size, electrical conductivity, shape and attitude of the conductor also affect the shape of 
the voltage decay curve, analysis of which can provide information on each of these factors. 
An example of a transient curve displayed on the TerraTEM console is shown in Figure 4-3. 
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Figure 4-2. TEM survey: a. Schematic diagram of electrical eddy currents induced in 
conductive subsurface materials; b. Schematic representation of current in the transmission 
loop and voltage response in the receiver loop;. c. Survey vehicle with towed transmission 
and receiver loops. 
Multiple voltage decay curves are digitally “stacked” to reduce noise in the data and 
numerous other processing steps are carried out to remove spurious features and present the 
data in its final form. Appendix 3 contains a more detailed description of the data acquisition 
and processing workflow. 
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Figure 4-3. TerraTEM screen shot showing voltage decay curve (Henderson, 2015). 
 
4.3 CONCLUSION 
In order to address the research questions, it was necessary both to utilize existing 
information and acquire new hydrological, geochemical, isotope and geophysical data. 
Methods were selected that were deemed most likely to contribute relevant information 
complementary to the existing data, while being practical to undertake within the time and 
operational resources available.  
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Chapter 5: Hydrogeology, Hydrology and 
Geophysics 
5.1 INTRODUCTION 
In order to provide a coherent understanding of hydrological processes in a diverse and 
complex catchment, a variety of methods have been applied and all available data collated to 
form an integrated conceptual model. This chapter presents analysis of pre-existing data as 
well as results and observations from field hydrological and geophysical work. The various 
data types offer alternative and independent lines of evidence relating to the project 
objectives and research questions. This approach has been adopted to obtain the maximum 
amount of information from limited samples and to improve the level of confidence in final 
conclusions. 
 
5.2 CLARENCE-MORETON BASIN 
5.2.1  Stratigraphy 
Geological Observations 
A stratigraphic model for the C-MB is presented  by Doig (2012). The nomenclature from 
this study is based on the Bungawalbin Creek 2 type-well as shown in Figure 5-1and has been 
adopted herein. Observations of geology were taken opportunistically during fieldwork (refer 
Figure 5-2) in order to augment the lithological descriptions from previous geological work 
(Doig, 2012; McElroy, 1969; OBrien, et al., 1994; Wells, et al., 1994).  Field observations 
assisted in the interpretation of drillers’ logs for identification of individual formations and 
incorporation into a three-dimensional digital model. Stratigraphic observations are described 
below from oldest to youngest. 
 
Walloon Coal Measures (WCM) 
Samples of rock fragments were taken from the surface at Busby’s Flat Figure 5-3, where the 
subsurface geology was known to be associated with the WCM. The samples varied widely 
in lithofacies and texture including a carbonaceous shale with fine bands of bright coal, and a 
medium-grained sandstone. These samples are consistent with the description of the WCM 
provided by (Doig, 2012). Assessment of geological structure was not possible due to the 
absence of outcropping sections of the WCM in the study area. 
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Figure 5-1. Post-Walloon stratigraphic model from 'Bungawalbin Creek 2' type-well  
(adapted from Doig (2012)). 
 
 
Kangaroo Creek Sandstone Member 
The Kangaroo Creek Sandstone Member of the Orara Formation is observed to outcrop 
across the study area, particularly in the west, as it forms large cliffs and escarpments up to 
100 m in height in the Richmond Range. It can also be seen in low outcrops and road cuttings 
in the Busby’s Flat area and in a quarry and road cutting on Boggy Creek Road near Swan 
Bay, on the eastern edge of the catchment (refer Figure 5-2). Moderate to coarse-grained, 
sand-sized quartz particles were common to all outcrops. Bedding was at centimetre to metre 
thickness and cross-bedding, which was evident in western outcrops, was at similar scale. 
Jointing both within and across bedding planes was easily observed in the outcropping 
formation, and may constitute a significant source of secondary porosity (refer Figure 5-4). 
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Figure 5-2. Geological sample sites.  Note Sites G4 and G5 are at Casino, 11 km north of the 
study area 
Piora Member 
The Piora Member of the Grafton Formation is exposed within the town of Casino in road 
cuttings and in the bed of the Richmond River (refer Figure 5-5). In the road cuttings, it 
consisted of a fine grained sand in a silty clay matrix which was weakly lithified and highly 
friable. Abundant vertical and horizontal joints and fractures are observed in this formation. 
In the Richmond River the Piora Member was represented as a fine grained, strongly lithified 
sandstone which showed minor cross-bedding at a centimetre scale but little jointing. 
 
Rappville Member 
A single exposed cross-section of the Rappville Member was observed in a road cutting on 
the Summerland Way, near Rappville (refer Figure 5-6). This formation presented as highly 
weathered to soft clays and mud-sized particles which were thinly interbedded with more 
competent but fissile beds of shale or fine grained sandstone. Beds were horizontal and 
bedding thickness was of the order of 2-10 cm through most of the exposed section. With the 
exception of millimetre-scale jointing within the shales, no joints or deformations in the 
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bedding were preserved. Evidence of a detrital sandstone bed was observed in bores near 
Rappville. 
 
Tertiary Kyogle Basalt 
Within the study area, basalt is confined to several small remnant outliers in the Ellangowan 
and Yorklea areas in the north of the study area. This basalt was observed in a small quarry at 
Yorklea (refer Figure 5-7) but otherwise, does not form prominent outcrops in the study area. 
In hand specimen, this basalt is fine-grained, aphanitic and olivine-rich with no apparent 
vesicles.  
Quaternary Alluvium 
Alluvial deposits in the study area are largely derived from eroded C-MB formations in the 
west of the catchment. The alluvium extends from narrow valley floors incised into the 
Richmond Range to the broad creek flats in the undulating topography of the mid-catchments 
and the extensive coastal flood plains associated with the Richmond River. The quartz-
dominated South Casino Gravel formation infills bedrock gullies and channels and is mostly 
saturated. It is overlain by the silt and fine sand of the Greenridge Formation which covers 
wide areas from the middle to the lower catchment. This formation imperfectly confines the 
South Casino Gravel and contains discontinuous and seasonal perched water tables. In the 
lowest parts of the catchment adjacent to the Richmond River, the Gundurimba Clay, a very 
fine marine sediment, overlies the South Casino Gravel. 
 
Significant variability in texture and depth is evident throughout the alluvium which may 
contain locally concentrated deposits with high organic matter content.  
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Figure 5-3. Walloon Coal Measures - Samples from Site G1 - Busby's Flat: (a) Coal-bearing 
carbonaceous shale. (b) Medium-grained sandstone. 
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Figure 5-4. Kangaroo Creek Sandstone Member outcrop (a) at Site G2 - Busbys Flat (Note 
characteristic cross-bedding) and at Site G3 - Kippenduff (b) where it forms large cliffs and 
escarpments. 
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Figure 5-5. Piora Member exposed (a) Site G4 in a road cutting and (b) Site G5 in the bed of 
the Richmond River, both at Casino. 
 
 
Figure 5-6. Rappville Member exposed in a road cutting on the Summerland Way near 
Rappville – Site G6. 
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Figure 5-7. Basalt “ridge cap” exposed in a quarry on Tatham – Ellangowan Road – Site G7. 
 
 
Conceptual Three-Dimensional Modelling 
 
Hydrogeological systems have a framework which includes processes and pathways which 
are, by nature, three-dimensional. In order to understand these elements and their 
connectivity, it is important to be able to visualise and communicate the spatial relationships 
that exist between them (Raiber et al., 2012). Surface mapping of topography, drainage 
systems and geological outcrops provides the first step in this process however it is greatly 
assisted by three-dimensional representation. 
 
Numerous hydrogeological studies have included the development of three-dimensional 
models for the conceptualisation and visualisation of surface and groundwater systems and 
their interaction, often using multiple investigation techniques and collating all the data to the 
3D model database (Burschil et al., 2012; Cox et al., 2013). While methodologies and 
workflows for developing conceptual geological models can be complex and elaborate 
(Loayza et al., 2014), in this instance the 3D representation is largely a collation of existing 
geological data in the form of borehole logs. Due to the limited number of bores of sufficient 
depth, the resultant model should be considered accurate only at the conceptual level. Whilst 
it is not proposed as a definitive representation of Logan Sub-basin geology, it represents an 
improvement on past conceptual modelling in the literature, which has not had the benefit of 
all of the data included here. 
  
This three-dimensional digital modelling brings together topographic, hydrological and 
stratigraphic elements of the landscape in a form that is easily understood (Cox, et al., 2013; 
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Raiber, et al., 2012). In the study area where many complex interrelationships exist, this form 
of data presentation is invaluable. 
 
Model Data 
Stratigraphic data was obtained from a variety of exploration and other bores across and 
around the study area and used to develop a three-dimensional digital model of the Clarence-
Moreton Basin sediments using ArcGIS® and ArcHydro Groundwater® software. Bore 
surface elevation data was combined with borehole log stratigraphic depth data to produce 
formation intersection points in three-dimensional space. Figure 5-8 shows the location of 
stratigraphic bores in the study area used in the construction of the model and the 
stratigraphic intersections in each bore. 
  
Formation tops were mostly taken from existing interpretation of geological and geophysical 
well logs carried out by experienced exploration geologists. A detailed summary of formation 
top levels and their sources is included in Appendix 4.  Corresponding points for each 
formation were then interpolated between boreholes using an inverse distance weighting 
(IDW) algorithm to generate three-dimensional formation top “surfaces”. Successive 
formation top surfaces for each of the post-Walloon units are shown in Figure 5-9.  
 
The software was then used to construct three-dimensional “geovolumes” between formation 
top surfaces to represent each of the C-MB formations. Cross-sections of the model domain 
were then used to create vertical “fence diagrams” so that geological features could be 
visualized across the study area (refer Figure 5-10 and Figure 5-11). 
 
As the model was derived from a limited number of bores, in areas where data was scarce, 
some poor correlation with surface mapping resulted. For example, surface geological 
mapping showed the Walloon Coal Measures, Kangaroo Creek Sandstone, Bungawalbin 
Member and Piora Member outcropping along the Richmond Range on the western side of 
the study area (refer Figure 3-8). However, three-dimensional interpolation between bores 
resulted in the modelled formation tops remaining below the surface level of the digital 
elevation model (DEM). Therefore, an additional geological layer was added in the 3D model 
in order to accurately represent the land surface and to “reconcile” the interpolated formation 
tops with the topographic surface (refer Figure 5-10). 
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Figure 5-8. Three dimensional representation of stratigraphic data from bores in the study 
area (vertical exaggeration = 10x). Overlying raster is a digital elevation model with 250m 
grid size and includes major streams and other surface water bodies. 
 
The three-dimensional model includes the Coraki Fault, which is a significant geological 
structure in the area with possible influence on local and regional hydrogeology. This was 
defined from the mapping of Brownlow (2002), from borelog data and from airborne 
magnetic data (NSW Department of Mineral Resources, 2011). Differences in corresponding 
stratigraphic levels showed vertical displacement across the fault is in the order of several 
hundred metres, with the greatest displacement of over 600 metres in the south of the study 
area between Bungawalbin Creek 2 and Bungawalbin Creek 4 bores. 
 
Stratigraphic and Structural Insights from the Model 
Figure 5-9, Figure 5-10 and Figure 5-11 highlight the Coraki Fault as a major regional 
geological feature. Of note are the large aquifer volumes of the Kangaroo Creek Sandstone 
Member (up to 150 m thick) and Piora Member (over 200 m thick) located in the centre of 
the Logan Sub-Basin syncline, to the west of the Coraki Fault. In the case of the Kangaroo 
Creek Sandstone Member, this is significant as it hosts conventional gas deposits (Hodda, 
2015). For the Piora Member, which is virtually unstudied as an aquifer due to its recent 
identification (Doig, 2012), this three-dimensional representation of the stratigraphic data 
allows its extent and volume to be conceptualized.  
 
The Bungawalbin Member has significance as a possible regional seal for the hydrocarbon 
gas reservoir in the Walloon Coal Measures and Kangaroo Creek Sandstone, and also as an 
aquitard limiting or preventing water movement between upper and lower aquifers 
(Davidson, 2015). Its effectiveness as a seal depends largely on its vertical hydraulic 
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conductivity, however in the absence of this data, the three-dimensional model allows its 
distribution and thickness to be easily visualized and therefore assists in evaluating its 
influence on hydrogeology. 
 
The fence diagrams in Figure 5-10 and Figure 5-11reveal the juxtaposition of the C-MB 
stratigraphic units across the Coraki Fault and allow some first-order assessment of its 
hydrogeology. For example, the continuity of the fault from below the WCM to the surface 
suggests that it has the potential to be an important factor in the regional vertical and lateral 
movement of both gas and groundwater. It also shows that the moderately permeable KCSS 
and Piora Members in the west are juxtaposed against the less permeable WCM in the east 
(refer Section 3.5.1.) along much of the fault plane. This effectively inhibits any fluid flow to 
the east that may result from pressure gradients caused by elevated recharge areas on the 
catchment’s western side. This indicates that, depending on the fault’s vertical hydraulic 
conductivity, upward flow may result. 
 
It should be emphasized that fracturing associated with the Coraki Fault is likely to be more 
complex than the simple structure represented in the model, particularly around the 
Bungawalbin area where it is thought to have formed a flower structure (OBrien, et al., 
1994). Its influence on local groundwater flow in the consolidated sediments in that area is 
therefore also expected to be complex and probably more widespread than the simplified 
model would suggest. 
 
Whilst the Coraki Fault is represented in the model as vertical, this is a simplification 
necessitated by the limitations of the modelling software. In reality the fault dips to the east, 
as indicated in the seismic profile in Section 3.5.3. 
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Figure 5-9. Three-dimensional stratigraphy (formation tops) of Clarence-Moreton Basin 
sediments in the study area, showing the Coraki Fault. Interpolation algorithm was Inverse 
Distance Weighting (IDW) method with interpolation radius of 13 km. Note, surfaces do not 
cover the entire study area due to lack of borehole data in some areas.
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Figure 5-10. 3-Dimensional fence diagram of Clarence-Moreton Basin Sediments showing Coraki fault and possible regional 
groundwater flow path. 
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Figure 5-11. 3 Dimensional fence diagram (view from southeast) showing Coraki Fault and possible regional groundwater flow path. 
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5.2.2 Hydrology of Consolidated Sediments – Walloon Coal Measures 
Drill-Stem Tests 
Hydraulic Conductivity 
Drill-stem tests were conducted in 1998 at two exploration bores (Figure 5-12) in the 
Bungawalbin area as part of an exploration program targeting coal-seam gas in the Walloon Coal 
Measures. The aim of these tests was to determine the permeability of the formation for the 
purpose of assessing potential gas and water flow. Permeability of the WCM formation is plotted 
against depth in Figure 5-13. 
 
The tests were conducted at boreholes BC1 and BC3 at multiple depths within the WCM ranging 
from 94 – 651 m and were carried out using both injection and extraction methods. Depth, 
hydraulic conductivity and formation pressure data is presented in Table 5-1and shows four orders 
of magnitude variability with a maximum of 157 m/day and a minimum value of 0.01 m/day. A 
logarithmic trend of decreasing permeability with depth is evident for both boreholes, and is 
illustrated in Figure 5-13, with low permeabilities (<1.0 m/day) at depths below 300 m. 
 
Given that the test location was in the vicinity of a major fault and probable flower structure, and 
that BC1 is known to have intersected fractures at least twice, very high values of K such as at 
BC1A (157 m/day) are most likely attributable to flow along fracture planes during testing. 
 
 
Figure 5-12. Study area showing location of exploration bores at Bungawalbin Creek (Smith, 
1998), Cross-Section BC1-BC3 and geological faults and shear zones (pink) (Brownlow, 2002). 
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Formation Pressures and Connectivity 
The drill-stem test data also includes static head levels for each test interval which allow aquifer 
pressures to be compared as shown in Figure 5-14. This analysis of formation pressures is based 
on hydrogeological analysis of faults described by Bense, et al. (2013) and the methodology used 
by Underschultz, et al. (2005) to infer fault hydrological characteristics in sedimentary basins in 
western Canada and the North-West Shelf of Australia. 
 
Where aquifer pressures are similar (i.e. less than 1 m head difference), connectivity between the 
two aquifer intervals is inferred. For differences between 1-2 m, connectivity is considered 
possible and for head differences greater than 2 m, no connectivity is inferred. Where the pressure 
head levels correspond to the ground elevation, the test interval may be in hydraulic 
communication with the surface.  
  
Table 5-1 shows an analysis of head differences between the various test intervals in BC1 and 
BC3. From this data, connectivity is inferred between several test intervals in BC3 and between 
intervals BC3B, BC3D and interval BC1C. Possible connectivity is also inferred between interval 
BC1A and BC1B where interval pressures differ by only 2 m and correspond closely to nearby 
ground surface levels in the vicinity of the mapped fault trace. This is particularly significant as 
the two intervals lie on either side of a fault intersection at 240.15 – 245.8 m in borehole BC1 and 
suggests that the fault is both hydraulically transmissive and connected to the surface.  
 
Furthermore, test interval BC1B extends from 305 - 317.6 m and lies across a second possible 
fault intersection from 312.25 – 312.75 m (Smith, 1998). The permeability value obtained from 
this test (0.94 m/day) which is significantly higher than all but one other test and therefore 
probably reflects the permeability of the fault. 
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Well
Well Surface 
Level (m AMSL) ID From Depth (m) To Depth (m)
From Level (m 
AMSL)
To Level (m 
AMSL) Formation
 Mean K 
(m/day)
Mean Static Head 
Depth (m)
Static Head 
Level (m AMSL) BC1A BC1B BC1C BC3A BC3B BC3C BC3D BC3E
43 BC1A 157.5 173.4 -114.5 -130.4 WCM 157 40.3 2.7
43 BC1B 305 317.6 -262 -274.6 WCM 0.94 38.3 4.7
43 BC1C 639 651.6 -596 -608.6 WCM 0.07 19.7 23.3
39 BC3A 94.4 104 -55.4 -65 WCM 0.33 22.2 16.8
39 BC3B 147 156.6 -108 -117.6 WCM 0.18 16.2 22.8
39 BC3C 161.4 168 -122.4 -129 WCM 0.08 14.6 24.4
39 BC3D 308.4 321 -269.4 -282 WCM 0.04 16.5 22.5
39 BC3E 402 416.1 -363 -377.1 WCM 0.01 -3.6 42.6
* Approximate Values Only
Static Level Difference (m)
Above and north of fault trace Possible communication with surface <1m
Below and south of fault trace Possible communication with surface via fault 1-2m
>2
Interval (Level)Interval (Depth)
BC1
BC3
 
 
 
 
 
 
 
 
 
  
  
 
Table 5-1.Drill-stem test results from Boreholes BC1 and BC3 and 
indications of connectivity between test intervals. Data from Smith (1998). 
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Figure 5-13. Permeability-depth relationship in the Walloon Coal Measures in boreholes BC1 and BC3. Data from Smith (1998). 
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Figure 5-14. Graphical drill-stem test results from boreholes BC1 and BC3 showing mean static head levels. Note fault intersections in BC1 at 
240.1 – 245.8 m and 312-314 m depth. Data from Smith (1998). 
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Fault Hydrogeology – Downhole Geophysical Evidence 
Fault hydrogeology is commonly studied in the petroleum industry where it can be an important 
determinant of whether the structure acts as a hydrocarbon trap (Yielding et al., 1997). Faults have been 
found to act in a number of hydraulic modes which variously allow water flow either across, within or 
along the fault plane (Bense, et al., 2013). Factors affecting fault sealing include the juxtaposition of 
opposing aquifers and aquitards across the fault, the degree of clay smear, the extent of cataclasis, and the 
effects of diagenesis (cementing) occurring within and around the fault (Yielding, et al., 1997). 
 
Review of historical borehole logs and downhole geophysical data provided a unique insight into the 
hydrogeology of the Coraki Fault, which was intersected by one of the bores. 
 
Wireline geophysical testing was carried out in 1998 on the Bungawalbin Creek bores BC1 – BC4 as part 
of a petroleum exploration program. Test logs from BC1 were reviewed to obtain more detailed 
information regarding the fault intersections described above.  
 
Figure 5-15 shows logs of borehole caliper, gamma density, temperature and temperature gradient across 
the fault intersections at 240.1 and 312.31 m. Here geological logs indicate drill core fracturing typical of 
fault and fracture zones. In each case, caliper measurements show caving of the inside of the borehole for 
the full width of the fault intersection. This coincides closely with a sharp decrease in gamma density 
readings, thought to be due to the higher porosity associated with brecciated rock along the fault plane. 
Temperature gradient logs show a sharp increase at the top of the first intersection (which is 5.7 m in 
width). Together with a corresponding decrease immediately below the intersection, this signifies a zone of 
warmer water coinciding with the fault. At the second intersection (312 – 314 m), a positive peak in 
temperature gradient is also observed, but with no corresponding negative peak below the intersection. This 
indicates that the increased temperature detected at the top of the fault continues below it. These anomalous 
increases in temperature are indicative of upward movement of warmer water from deep formations below 
(Bense, et al., 2013). 
 
In summary, geological evidence of fault intersections at 240.1 and 312.31 m in BC1 are confirmed by 
caliper and gamma density wireline logs. Temperature anomalies coinciding with these intersections 
indicate upward movement of water along hydrologically transmissive fault planes. These observations can 
be related to separate geochemical and isotopic evidence, particularly in alluvial groundwater, that also 
suggests mixing with water from formations deep in the Clarence-Moreton Basin. It is therefore apparent 
that faulting in the consolidated sediments plays a role in geomorphology as seen in the field, but also in 
groundwater hydrological processes including flows in the C-MB aquifers and the chemistry of the 
Bungawalbin Creek alluvium. 
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Figure 5-15. Geophysical logs from Borehole BC1 showing temperature and density anomalies coincident with fault intersections identified in 
geological logs. 
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5.3 ALLUVIAL AQUIFER HYDROLOGY 
5.3.1 Potentiometric Surface – South Casino Gravel 
A groundwater potentiometric surface was derived for the South Casino Gravel alluvial aquifer 
from standing water levels recorded during the sampling campaign and from drillers logs recorded 
in the “Pinneena” database (NSW Office of Water, 2010). Data from drillers is considered to be 
approximate only but was used due to the scarcity of water level data in the area. As these drilling 
logs have been recorded over several decades, results are considered indicative only, due to 
seasonal variations. Nevertheless, a clear gradient is evident from the upper parts of Myrtle Creek 
to lower Bungawalbin Creek, suggesting a continuous flow path through the South Casino Gravel. 
A less pronounced potentiometric gradient is also present in the Sandy Creek catchment from 
Ellangowan to Bora Ridge, however no data was available in the alluvium to the west of 
Ellangowan.  
 
The highest potentiometric levels were at Wyan, west of Rappville (approximately +73 m) and 
minimum levels (around -1.88 m) were around Bungawalbin with a slight rise in level further to 
the north east towards the Richmond River. This may suggest that the direction of flow in the 
South Casino Gravel aquifer does not follow Bungawalbin Creek but instead leaves the catchment 
further to the south (refer Figure 5-16). This is consistent with prior mapping of bedrock channels 
in the area (Drury, 1982a). 
 
 
Figure 5-16. Potentiometric surface for the South Casino Gravel aquifer and probable directions 
of flow. Alluvium cross-sections are also shown. Note: As no data is available for the upper 
Sandy Creek catchment, levels shown in this area reflect those recorded further to the east.  
Faults & Shear Zones 
  
79 
 
An elevated potentiometric level in the near Myrtle Creek east of the Summerland Way may be 
due to infiltration to the aquifer from a large irrigation storage dam. 
 
The ground level elevation for each bore was taken from the Google Earth® digital elevation 
model. Comparison with levels for seven surveyed bores across the study area as well as nearby 
showed that values from Google Earth® were between 0.1 and 3.6 m higher than surveyed levels 
for the bores. 
 
5.3.2 Alluvium Cross-Sections 
Drury (1981) produced sketched cross-sections of the alluvium on Myrtle Creek at Summerland 
Way, Rappville, on Bungawalbin Creek at Yellow Crossing, Bungawalbin and on Sandy Creek at 
Ellangowan, based on drill logs from monitoring bores. The current study has developed these 
cross-sections further by measuring standing water levels in the monitoring bores and determining 
creek levels relative to bores. This has allowed the potentiometric surface of the South Casino 
Gravel to be determined relative to creek levels to assess whether groundwater may recharge or 
discharge at the creek.  
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Figure 5-17. Plan and Cross-Section A-A’ of Myrtle Creek at Summerland Way. Adapted from 
Drury (1982). Additional level data from NSW Department of Primary Industries (2015).  
 
Figure 5-17 shows cross-section A-A’ of the alluvium on Myrtle Creek at the Summerland Way. 
The level of the South Casino Gravel aquifer potentiometric surface (measured in January 2015) 
is clearly above that of Myrtle Creek, however hydraulic communication appears unlikely due to 
the presence of the Greenridge Formation confining layer immediately above the South Casino 
Gravel. A series of small lagoons is located approximately 300 m to the west of Bore GW039170 
and may provide a means of recharge from the surface to the South Casino Gravel. 
 
Similarly, on Bungawalbin Creek at Yellow Crossing, the potentiometric level of the South 
Casino Gravel is above that of Bungawalbin Creek (refer Figure 5-18). However, over four metres 
depth of Greenridge Formation overlying the aquifer, probably acts as an aquitard limiting or 
preventing discharge from the aquifer to the creek. Horseshoe Lagoon, approximately 200 m to 
the south of bore GW039144, may allow infiltration from the surface to the South Casino Gravel, 
given that there appears to be sufficient static head difference for this to occur.  
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Figure 5-18. Plan and geological cross-section B-B’ at Yellow Crossing, Bungawalbin Creek - 
Adapted from Drury (1982). 
 
 
On Sandy Creek at Ellangowan the stream level is between 0.9 – 1.4 m below the potentiometric 
surface of the South Casino Gravel aquifer, again suggesting possible discharge to the creek from 
the aquifer (refer Figure 5-19). However, as the top of the South Casino Gravel lies almost 4 
metres below the stream level, any recharge would be largely governed by the permeability of the 
Greenridge Formation, which is unknown.  
 
 
 
  
82 
 
 
 
Figure 5-19. Plan and geological cross-section C-C’ - Sandy Creek at Ellangowan. Adapted from 
Drury (1982). 
 
 
In each of the above cases, the potentiometric level in the South Casino Gravel aquifer indicates 
that any communication with the stream (should it occur) would be discharge rather than recharge 
and that any recharge of the aquifer would require a static head higher than that of the stream (at 
the time of measurement). Also, recharge of the South Casino Gravel from surface lagoons would 
require infiltration through the Greenridge Formation aquitard. 
 
Additional bore logs have been used to produce longitudinal sections of the alluvial aquifer in the 
Myrtle-Bungawalbin and Sandy Creeks as shown in Figure 5-20. These sections highlight the 
increasing thickness of the confining layers above the aquifer with distance downstream and the 
gradient in the potentiometric surface, which approaches mean sea level close to the lower reaches 
of Bungawalbin Creek. It also illustrates the approximate location of the Gundurimba Clay, which 
is of marine origin and occurs only in the extreme lower catchment. 
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The longitudinal section for Sandy Creek extends only along the lower (eastern) end of the 
catchment where potentiometric head could be determined from bore standing water levels. It 
does not include the upper (western) end of the catchment where no boreholes were available. 
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Figure 5-20. Longitudinal section of alluvial aquifer in Myrtle/Bungawalbin and Sandy Creek catchments (refer Figure 5-16 for section lines). 
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5.3.3 Baseflow Estimation 
Hydrological investigation of surface waters provides data on levels, pressures and flows that 
govern the movement of water through the drainage system. In combination with the 
geological framework, hydrological data helps to understand aquifer properties and the 
likelihood of connectivity between different elements of the hydrological system. 
 
Water levels were recorded at Yellow Crossing from 12 November 2014 to 26 January 2015 
using a HOBO® U-Series water level logger. The measurement site at Yellow Crossing 
(refer Figure 5-21) was approximately 100 m upstream from a natural constriction in the 
channel where normal stream width of 20-40 m reduced to approximately 5 m. 
 
 
 
 
Figure 5-21. Map of the study area showing rainfall and streamflow measurement sites. 
 
 
This location is within the tidal range in Bungawalbin Creek and the hydrograph shows 
oscillating levels according to semi-diurnal tidal flow, as shown in Figure 5-22. These 
variations indicate that flow alternated between “upstream” and “downstream” directions. 
 
In order to obtain an indication of instantaneous flows in the lower catchment, outward tidal 
flow in Bungawalbin Creek was measured on 16 September 2014. Total flow was measured 
by determining flow velocity at a number of points in a stream cross-section at Yellow 
Crossing, using a hand-held velocity meter. A flow of 0.71 m
3
/s (710 L/s) was determined. 
Rappville 
Busby’s 
Flat 
Whiporie 
Myrtle Creek 
Coraki 
Yellow Crossing 
NOW Stream Gauging Station 
Rainfall Station 
Stream Level Logger (Nov 2014) 
Upper Tidal Limit 
Upper Tidal Limit 
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Figure 5-22. Hydrograph data - Bungawalbin Creek at Yellow Crossing. 18-22 November 
2014 
A method was developed whereby groundwater baseflow in the tidal zone could be estimated 
from water levels recorded in Bungawalbin Creek. For baseflow to be determined, a period of 
the recorded data was selected when flows were low, surface runoff to the creek was minimal 
and the flow could be assumed to be mainly groundwater baseflow. The net (downstream) 
flow of the creek was determined during such a low flow period. 
 
Hydrograph data from 18-22 November 2014 was used in the calculations .  At this time, net 
flow in Bungawalbin Creek at Yellow Crossing was considered to be groundwater baseflow.  
 
Water level records were used to determine the change in volume of water contained in the 
creek’s upper reach over time, by measuring the surface area of this section of the creek. This 
was achieved by scaling from Google Earth
TM
 imagery. In this way, the instantaneous rate of 
level change (i.e. slope of the hydrograph) could be used to determine instantaneous flow in 
either direction. 
 
Baseflow was estimated from the difference between maximum rate of water level rise and 
maximum rate of fall, the difference being due to inflow to that reach of the creek from either 
surface flow or groundwater baseflow. Appendix 1 contains the full method and calculations 
for net stream flow. 
 
The estimates calculated over a three day period varied from 6.5 to 10.3 ML/day and showed 
a steady increase in flows over this interval (Table 5-2). The mean value of 8.4 ML/day 
represents a very significant rate of discharge from groundwater to Bungawalbin Creek. By 
way of comparison, the total flow of the Richmond River at Kyogle (above tidal influence) 
was approximately 20 ML/day at the same time as these records were made. 
 
These values are considered estimates only but provide an indication of the importance of 
groundwater baseflow to the tidal pool and estuarine environment.  
  
87 
 
 
Table 5-2. Baseflow Estimates (Bungawalbin Creek). 
Date Net Baseflow 
(m3/hr) 
Net Baseflow 
(ML/day) 
19/11/14 273 6.5 
20/11/14 351 8.4 
21/11/14 429 10.3 
Mean 351 8.4 
 
 
5.3.4 Geophysical Profiling 
The TEM technique offered the opportunity to verify assumptions made in the construction 
of alluvium cross-sections by distinguishing the South Casino Gravel aquifer from the 
overlying Greenridge Formation and the underlying bedrock in continuous profiles. These 
profiles were then used to conceptualize the aquifer in three dimensions. 
 
Access restrictions limited the TEM survey to three sites; one in the lower catchment adjacent 
to Bundawalbin Creek, and the other two in the upper catchment near the village of 
Rappville. The location of the survey sites in the upper and lower catchment provided 
excellent opportunity for comparison of near-surface electrical properties in the alluvium and 
shallow bedrock in contrasting geological settings. The survey site locations are shown in 
Figure 5-23. 
 
 
Figure 5-23. Location of the three TEM survey sites. 
Bungawalbin 
Site Rappville 
South Site 
Rappville 
North Site 
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Data from the TEM survey is shown graphically in this section and is also provided in .kmz 
file format in the attached digital media for be display and manipulation in Google Earth™. 
 
Bungawalbin Site 
The first survey site was located on a tea tree plantation at Bungawalbin. The site was 
approximately 5 km in length and 1 km in width, cleared and laser-levelled for flood 
irrigation. Excellent access was available along formed roads and tracks around the 
plantation. Figure 5-24 shows the survey route in relation to local surface geology and 
surface water while Figure 5-25 shows a typical view of the survey site. 
 
 
 
Figure 5-24. TEM survey route - Bungawalbin site, showing geology and surface water. 
 
To assist in the interpretation of the TEM data, bulk electrical conductivity values of the 
alluvial stratigraphic units were estimated from down-hole electrical logs from bore 
GW039170 on Myrtle Creek at Summerland Way (Figure 5-26). These results were reported 
Drury (1982a) and were obtained using a 6 ’ lateral resistivity instrument in a mud-filled 
bore. This instrument is designed to obtain readings representative of the surrounding 
formation. 
 
Neilly’s 
Lagoon 
Lagoons (Relict 
Stream Channels) 
Wetland 
Wetland 
Grafton Formation 
(Rappville 
Member) 
Orara Formation 
(Kangaroo Creek 
Sst  Member) 
Alluvium 
Alluvium 
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Stratigraphic details and groundwater EC measurements were obtained from two monitoring 
bores located in the alluvium approximately 2 km to the south of the survey site as shown in 
Figure 5-28. 
.  
 
 
 
Figure 5-25. Typical view of TEM survey site at Bungawalbin. 
 
 
Figure 5-26. Down-hole self potential and resistivity logs from bore GW039170 adjacent to 
Myrtle Creek at Summerland Way (Drury, 1982a). 
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Bulk resistivity in the South Casino Gravel formation (100-200  Ώm) was compared to 
resistivity of the groundwater at the same site (47.2  Ώm) (Table 5-3). As groundwater 
resistivity decreases closer to the Bungawalbin survey site (e.g. 18.9 Ώm at GW039144), and 
formation resistivity is proportional to groundwater resistivity (Archie, 1941) (Equation 4-1), 
it is concluded that formation resistivity in the Bungawalbin area will be approximately 40-80 
Ώm (approximately 125 – 250 uS/cm). 
 
Bulk electrical resistivity for the overlying Greenridge Formation and underlying bedrock 
(Rappville Formation) is estimated at approximately 5  Ώm from the well log from bore 
GW039170. Whilst no values for groundwater resistivity in these formation are available 
from close to this bore, elsewhere in the study area the Rappville Member bedrock, is known 
to contain groundwater with resistivity values ranging from 3.6 – 0.8  Ώm (2800 – 12,520 
uS/cm) as well as significant amounts of conductive shale and clay. Water content of the 
bedrock at the TEM survey site is unknown but is believed to be highly variable based on 
geological descriptions by Doig (2012). Immediately below the saturated South Casino 
Gravel, water content it is expected to be high, however, the intersection of heavy clay at the 
bedrock interface in GW039144 and GW039141suggests the Rappville Member may be 
hydraulically isolated from the alluvium in some places. Rappville Member bedrock is 
therefore expected to appear extremely variable in the TEM data. 
 
Overall, a clear resistivity contrast of at least 1 order of magnitude was expected between the 
South Casino Gravel and both the overlying Greenridge Formation and the underlying 
Rappville Member bedrock. As the TEM data is presented with a colour spectrum allocated 
across a similar range (i.e. 1 order of magnitude) these interfaces were expected to be clearly 
distinguishable on the TEM data. 
 
Table 5-3. Electrical conductivity and resistivity of groundwater in the South Casino Gravel 
(middle and lower catchment). 
 
 GW039141 GW039144 GW039170 GW039167 
Electrical 
Conductivity  
(uS/cm) 
680 528 212 789 
Resistivity 
(Ω.m) 
14.7 18.9 47.2 12.6 
 
 
In Figure 5-27 the EC and Resistivity Histogram  (bottom left) shows the range of nominal 
resistivity values recorded during the TEM survey at the Bungawalbin site with most values  
between 2 and 20 Ώm (8000 – 800 uS/cm). On this scale the saturated South Casino Gravel 
aquifer (and other similar material), would be represented by dark purple colours. Less 
resistive material (Greenridge Formation and Rappville Member) would be represented in the 
TEM data by red and brown colours signifying values less than approximately 5 Ώm (2000 
uS/cm). 
  
91 
 
 
The TEM data from the Bungawalbin site show a shallow conductive layer, usually from the 
surface to 10-15 m depth across much of the site. This is interpreted as the Greenridge 
Formation. It is postulated that much of this formation lies within the plant root zone, in 
which salts are accumulated by evapotranspiration. Moisture content and textural variations 
probably account for much of the variability in its appearance. Where low conductivity is 
indicated at the surface, this is interpreted as more permeable material (e.g. sand) which 
drains more easily and is less likely to accumulate salts.  One such feature, adjacent to 
Neilly’s Lagoon Road may indicate a source of diffuse recharge to the South Casino Gravel 
(refer Figure 5-28.).  
 
The low conductivity layer visible across much of the site at between 5 and 25 m depth is 
interpreted as the South Casino Gravel alluvial aquifer. Irregularities and discontinuities in 
this feature are believed to be due mainly to the occurrence of clay lenses, which have been 
observed in borehole logs. In some instances however, elevated bedrock may be responsible. 
 
Irregularities in the base of the low conductivity layer are thought to be due to bedrock 
topography, which appears to include channels and small valleys in some places (note 
vertical exaggeration in figure). This appears consistent with the topography adjacent to the 
survey site to the west where the Rappville Member outcrops. 
 
Where low conductivity is indicated over a large depth range such as in the far north east of 
the site, this is interpreted as fresh water seepage which originates from surface lagoons 
which frequently coincide with such features. This is an important observation as “point 
source” recharge from surface water bodies has been suggested by hydraulic, geochemistry, 
and isotopic data. 
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Figure 5-27. TEM data for Bungawalbin survey site – view from south east. Vertical exaggeration 3x. Depth of profile is 50m. 
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Figure 5-28. Bungawalbin TEM survey site. North eastern view. Vertical exaggeration 3x. Depth of profile is 50m. 
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Rappville South Site 
Two separate sites were surveyed on a grazing property near Rappville. The “Rappville South” site was 
predominantly on gently undulating topography underlain by the Rappville Member geology. As much of 
the site was uncleared, survey access was limited to existing tracks. A small area in the north of the site 
extended on to an alluvial flat adjacent to Myrtle Creek and provided an opportunity for comparison with 
the reminder of the site, which was directly underlain by the Rappville Member. 
 
Approximately 11 registered bores were located in the vicinity of the Rappville survey, and although 
borehole logs were available for geological control, many were very shallow (<10 m) and of limited 
usefulness. Figure 5-29 shows the location of bores with available groundwater EC data. 
 
 
 
 
Figure 5-29. Location of Rappville TEM surveys and adjacent bores with groundwater EC data. 
 
Historical water quality data was available for a number of bores in the area. Groundwater electrical 
conductivity values are shown in Table 5-4. These values show generally low conductivity in the alluvium 
(GW043084 and GW056967), but a high degree of variability in the Rappville Formation bedrock with 
values ranging from 290 uS/cm to 4775 uS/cm within a distance of less than 2 km.  
 
Bulk resistivity data from the bore log at GW039170 has also been used in interpreting the TEM data at the 
Rappville survey sites. 
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A typical view of the “Rappville South” site is shown in Figure 5-30. TEM survey data for this site are 
shown in Figure 5-31 and Figure 5-32. A strongly conductive shallow zone is clearly shown over most of 
the site and, as for the Bungawalbin survey, is interpreted as the evaporative zone in which salts from 
rainfall have been concentrated.  
Of particular interest are deep, conductive features in the bedrock at the southern end of the site. These are 
interpreted as a geological structure (e.g. a fault), containing water of similar EC to that measured in bore 
GW050876 (4775 uS/cm), immediately to the east of the site.  
 
Table 5-4. Groundwater EC from bores adjacent to Rappville TEM survey sites 
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Depth to 
Water (m) 
4.8 16.7 2.4 16.7 16.0 3.7 
Electrical 
Conductivity  
(uS/cm) 
290 640 40 2839 4775 789 
Resistivity 
(Ω.m) 
34.4 15.6 250 3.52 2.09 12.7 
 
 
Highly conductive bedrock is also indicated in the north of the site, beneath the alluvium. This may be the 
result of saturation due to downward movement of groundwater from the alluvial aquifer into the more 
saline bedrock material. In the same area a strong electrical contrast appears at approximately 15 metres 
depth, probably showing the interface between the bedrock and the fresh water of the alluvium. However, 
this contrast is not widespread and more conductive zones within the alluvium may represent either lateral 
saline seepage from the adjacent bedrock or more clay-rich alluvial lithology (refer Figure 5-32). 
 
As with the Bungawalbin survey site, low conductivity at depth is observed adjacent to a small surface 
lagoon. This is interpreted as a recharge zone, in which fresh infiltrating water has created a localized area 
of low salinity conditions.  
 
The high degree of variability in the electrical properties of the bedrock throughout the site appears to 
indicate complex geological structure in the Rappville Formation.  This may control other relevant factors 
such as water and clay content. 
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Figure 5-30. Typical landscape and vegetation on Rappville South site showing a natural lagoon which had 
been artificially deepened. Groundwater recharge from the lagoon was evident on the TEM data (TEM 
survey vehicle in background). 
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Figure 5-31. TEM data from "Rappville South" site. North-east view. Vertical exaggeration 3x. Profile depth is 50m. 
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Figure 5-32. TEM data from "Rappville South". North-west view. Vertical exaggeration 3x. Profile depth is 50m. 
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Rappville North Site 
The “Rappville North” site was partially on an alluvial flat associated with Nandabah Creek (a northern 
tributary of Myrtle Creek) and partially on an elevated area adjacent to Rappville village, which was 
similar in topography to the “Rappville South” site. 
 
A large ephemeral lagoon was situated to the northwest of the survey area and was dry at the time of the 
survey. 
 
 
 
 
Figure 5-33. Exposed soil profile on bank of Nandabah Creek, “Rappville North” site. Note heavy clay and 
multiple horizons from alluvial deposition. This corresponds to the surface high-conductivity zone in the 
TEM data. 
 
Electrical conductivity data from bores adjacent to the site indicate that groundwater in the area varies in 
conductivity from 290 – 2839 uS/cm. In general, bores on the western side of Rappville village tend to be 
less saline (up to 640uS/cm) than those on the eastern side (up to 2839 uS/cm), however no relationship 
with known stratigraphy is apparent. 
 
The TEM data from the “Rappville North” site shows distinctly lower electrical conductivity than from the 
site to the south. This may indicate a difference in lithology within the Rappville Member, which is known 
to be highly variable, consisting of sandstones, siltstones and claystones (Doig, 2012). 
 
Stratigraphic information from bores GW038252, GW038253 and GW063987 shows a clay surface layer 
to around 5 m depth, which is underlain by sandstone or sandy clay (probably weathered sandstone). In 
some places this is saturated with fresh water. Figure 5-33 shows a typical view of the site with a shallow 
exposed soil profile adjacent to Nandabah Creek. Similar to other locations, the TEM data shows a highly 
conductive (nominal 6000 – 9000 uS/cm) shallow (0-5 m) layer over much of the site, which appears to 
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correspond with the surface clays (Figure 5-34 and Figure 5-35). Conductivity at depths greater than 5 m 
appears generally low (<1000 uS/cm), consistent with sandstone and fresh groundwater at bores 
GW038253 and GW038252 (refer Table 5-4). 
 
At approximately 20 metres depth, the lithology changes to interbedded shale, coal and sandstone with 
groundwater. This lithological change corresponds to an electrical contrast in the TEM data, indicating that 
the underlying stratum is significantly more electrically conductive. The TEM profile indicates that the 
shale/coal/sandstone association is intermittent throughout the site, though more common in the north west. 
Where the data shows “gaps” in the conductive signature, these are interpreted as possible palaeochannels 
indicating an unconformity between the two strata.  
 
On the alluvial flat in the south and west of the survey area, the high conductivity due to shale bedrock 
gives way to a predominantly resistive zone. This may be indicative of fresh water recharge from the large 
ephemeral swamp immediately to the north, and or the absence of the shale bedrock layer within the profile 
depth (50 m). The shale signature resumes in the extreme south west, suggesting a broad palaeovalley in 
the bedrock approximately 400 m wide and over 50 m in depth with infill of lithified sandstone and or 
alluvial material.  
 
It appears that the interface between the alluvium and immediately underlying bedrock is not 
distinguishable where sandstone occurs, suggesting that the two units have similar electrical properties and 
therefore similar porosity, lithology and pore water EC. It is likely that the boundary between consolidated 
and unconsolidated material is gradational due to deep weathering of the sandstone (Ezzy, et al., 2006). 
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Figure 5-34. TEM data. “Rappville North” site. View from the south-east. Vertical exaggeration: 3x. Profile depth: 50 m. 
Bedrock 
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Figure 5-35. TEM data. "Rappville North". View from north-west. Vertical exaggeration 3x. Profile depth 50 m. 
Inset: lithology from bore logs shown in 3D, looking from the south. 
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Summary 
A highly conductive shallow surface layer has been a feature of the TEM survey data at both Bungawalbin 
and Rappville. The layer is usually 5 – 10 m in depth and intermittent and has been interpreted as a clay-
rich horizon probably corresponding to the Greenridge Formation, in which salts have accumulated over 
time as a result of evapotranspiration. 
 
Several features in the data have been identified which are consistent with relatively rapid groundwater 
recharge to the South Casino Gravel aquifer and Rappville Formation, from permanent and ephemeral 
surface water bodies. These features often extend to the full depth of the profile, indicating infiltration into 
the bedrock in some areas. 
 
The survey has also distinguished a high degree of variability in the bedrock indicating complex geological 
structure including possible palaeochannels and a conductive, fluid-filled fault. 
 
Interpretation of geoelectrical profiles is made complex by the multiple geological and hydrogeological 
factors that influence electrical conductivity/resistivity. As summarized in Archie’s Law, these include 
formation saturation, porosity and tortuosity and the electrical resistivity of groundwater. A good 
understanding of local lithology and substrate electrical properties is therefore essential in order to 
constrain these variables so that hydrogeological properties may be interpreted. 
 
 
5.4 CONCLUSION. 
A wide range of data types has been collected and analysed to develop an understanding of the physical 
aspects of the study area. Existing data has been integrated with newly acquired data to provide insights 
into the surface and sub-surface hydrological system including its geological, hydrological and geophysical 
properties. This has provided a framework for the consideration of geochemical and isotopic data, which 
will be presented in Chapter 6, and is the first stage in the development of a complete hydrological 
conceptual model. 
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Chapter 6: Water Chemistry and Isotopes 
6.1 INTRODUCTION 
In the context of the geological and hydrological framework developed in Chapter 5, chemical and 
isotopic analysis of waters provide a powerful investigative tool for identifying catchment 
processes, including recharge and discharge in the alluvium as well as flows between different 
water sources.  
 
In this study, “signatures” derived from chemical and isotopic analysis have been used as tracers 
to indicate water origin and processes occurring within the overall hydrological cycle. Spatial or 
temporal trends within the data can be recognised and may indicate additional hydrological and 
geochemical processes occurring along flow paths. 
 
As these methods can be good indicators of connectivity, they are particularly important to 
achieving the objectives of this study.  
 
Surface and groundwaters were sampled across the study area where access to bores and streams 
permitted. The sampling program was designed to obtain as much representative data as possible 
for the total catchment and to maximize the likelihood of detecting surface-groundwater 
connectivity. 
 
6.2 RAINFALL DATA 
Rainfall chemical data was previously obtained from the study of the Richmond River catchment 
by Drury (1982a). That data shows a marked oceanic influence, with a trend of decreasing sulfate 
and increasing chloride with distance from the coast. 
 
Drury’s major ion data for Casino, Kyogle and The Risk localities are plotted with surface water 
data in Figure 6-4. Comparison of surface and groundwater with rainfall data provides an 
indication of broader hydrological processes throughout the catchment. 
6.3 WATER SAMPLING 
In general, the water sampling campaign was scheduled so that surface samples were collected 
from September to November in 2014, when the chance of significant rainfall events was lowest. 
Sampling for surface water radon analysis was carried out during the week of 15-19 
September2014. During this time stream flows were relatively low (refer Figure 6-1) and 
baseflow was likely to comprise a substantial proportion of total stream flow. Low and uniform 
flow conditions are particularly important for collection of radon samples as the concentration of 
radon in surface water was to be used directly as an indicator of groundwater discharge, and may 
be obscured by dilution during higher flows. 
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Surface water sampling for other analytes was carried out during the periods of 10-12 November, 
2-3 December and 15-17 December 2014. Rainfall and stream flows over this time were generally 
low despite some moderate flows between sampling periods in late November and mid-December.  
 
 
Figure 6-1. Surface-water sampling campaigns, September - December 2014, with rainfall and 
streamflow from Myrtle Creek at Summerland Way (NSW Dept Primary Industries, 2013). 
 
 
Figure 6-2. Groundwater sampling campaign - December 2014 - March 2015, with rainfall and 
stream flow (NSW Dept Primary Industries, 2013)  
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Figure 6-1 shows rainfall and stream flow in Myrtle Creek at Summerland Way, Rappville 
(sample Site M2) over the surface water sampling period. This site is approximately at the centre 
of the catchment and provides an indication of hydrological conditions throughout the overall area 
during this time.  
 
The timing of the groundwater sampling campaign is illustrated in Figure 6-2.  Groundwater 
sampling was scheduled after surface sampling as subsurface samples are less likely to be 
influenced by significant rainfall events, which are more prevalent during the summer months 
(December – February). 
 
Table 6-1 summarizes sampling locations and dates for surface water sampling sites and 
boreholes. 
 
Table 6-1. Sampling Locations and Dates 
Sampling Dates 
 
Sites and Boreholes Sampled Analytes 
15 – 19 September 2014 B5, B7, B8, B9, B11, B12, 
B14, B18, M2,M3, M5, M6, 
S2, S4, S5, S6 
Radon 
10 – 14 November 2014 B7, B9, B10, B11, B18, 
M2,M3, M5, M6, S2, S3, S4, 
S5, S6, S7 
Physico-chemical parameters 
Major & Minor Ions, 
Nutrients, Metals, 
Organics, Dissolved Gases 
Stable Isotopes, Tritium 
1 – 5 December 2014 B5, B8, B17 Radon , Physico-chemical 
parameters 
Major & Minor Ions, 
Nutrients, Metals, 
Organics, Dissolved Gases 
Stable Isotopes, Tritium 
15 – 19 December 2014 B15, S7,BCR1, GW039144, 
GW039169, GW039170,  
Radon , Physico-chemical 
parameters 
Major & Minor Ions, 
Nutrients, Metals, 
Organics, Dissolved Gases 
Stable Isotopes, Tritium 
19-23 January 2015 GW039141, GW039148, 
GW039167, GW046616, 
GW056967, GW305734, 
GW305748, GW306431 
Radon , Physico-chemical 
parameters 
Major & Minor Ions, 
Nutrients, Metals, 
Organics, Dissolved Gases 
Stable Isotopes, Tritium 
16 – 20 March 2015 GW019261, GW039122, 
GW043084, GW070208, 
GW071039, GW301295, 
GW302655  
Radon , Physico-chemical 
parameters 
Major & Minor Ions, 
Nutrients, Metals, 
Organics, Dissolved Gases 
Stable Isotopes, Tritium 
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6.4 HYDROGEOCHEMISTRY 
6.4.1 Surface Waters 
Physico-Chemical Character 
In situ field measurement of physico-chemical parameters was carried out at all sampling sites and 
a full listing of results is included in Table 6-2. Figure 6-3 summarizes pH and EC results and 
highlights the generally acid conditions with very low pH samples from acid sulfate areas in the 
low-lying and partially tidal Bungawalbin (Site B5) and Sandy Creek (Site S2) catchments. 
Myrtle Creek catchment, which is unaffected by acid sulfate soils showed the highest median pH. 
 
Electrical conductivity (EC) is also highest in the Myrtle Creek catchment due to the large 
proportion of outcropping Walloon Coal Measures, particularly for Site M6 in the upper 
catchment. A relatively high value at Site B5 in the Bungawalbin catchment may have reflected 
upward seepage from the WCM on the eastern side of the catchment. 
 
 
 
Figure 6-3 Box and whisker plots of surface water pH and EC by catchment. Note low pH 
samples in Sandy and Bungawalbin Creeks affected by acid sulfate soils, and high EC value in 
Myrtle Creek catchment due to local discharge from Walloon Coal Measures. 
 
Major Ions 
Major ion analysis of surface waters showed significant deviation from rainfall composition, with 
relatively widely distributed points on the Piper Plot compared to rainfall (refer Figure 6-4). These 
variances from rainfall reflect geochemical processes occurring in the catchment drainage system 
including evaporation, ion exchange, oxidation of sulphides and groundwater discharge. 
 
Cations values for samples from Myrtle Creek plotted closely but were separated by divergent 
values of Cl
-
 and HCO3
-
. A similar pattern was present for Sandy Creek and Myall Creek but with 
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one outlier (S2) due to high sulfate. Elevated sulfate levels were evident for a number of samples 
from Bungawalbin Creek. 
 
Surface water across the study area is characteristically low in sulfate. One explanation for this is 
that reducing conditions which can develop in streams during low flow periods cause SO4
2-
 to be 
reduced to other species such as H2S and HS. However, this is considered unlikely as comparison 
of field redox potential with SO4
2-
 shows no indication of the negative correlation that would exist 
under these conditions. The rather low proportion of sulfate is more likely the result of the 
influence on surface water chemistry of flow from the upstream sections of the catchment where 
rainfall sulfate is low. Exceptions to the low sulfate trend include samples from known acid 
sulfate areas in the lower catchment; in these areas SO4
2-
 ions are frequently leached from soils 
containing oxidized pyrite.  
 
Land use has also impacted some surface waters. For example, sample S2 is from Sandy Creek 
immediately below Kookami Swamp, where artificial drainage has lowered the local water table, 
resulting in acid leachate from shallow soils where pyrite has oxidized. The sample from site S2 
shows a distinctly high level of SO4
2-
, an oxidation product of pyrite. The relatively few samples 
in the lower catchment with elevated sulfate suggest that at the time of sampling, drainage from 
acid sulfate soils was minimal, consistent with low-flow conditions observed during the sampling 
periods. Moderate sulfate levels (e.g. 20% of anions) can be explained by the influence of rainfall 
from coastal sources. 
 
Some surface water samples also show elevated HCO3
-
 and minor enrichment of Mg
2+
, notably 
from Sandy Creek in the vicinity of Tertiary Kyogle Basalt outcrops. This distinct signature is 
consistent with Drury’s results, which show elevated Mg2+ and HCO3
-
 alkalinity levels in aquifers 
overlain by Kyogle Basalt in the Richmond catchment and suggests that water discharges from 
Kyogle Basalt aquifers to surface waters in the Sandy Creek catchment. Hydrochemical analysis 
of surface waters from the basalt Alstonville Plateau by Brodie (2007) showed elevated Mg
2+
 (20-
40% of cations) but no high HCO3
-
 levels, probably due to the differing mineralogy of the basalt. 
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Figure 6-4. Piper plot of surface water major ions - catchments shown by symbols and colours.  
  
111 
 
 
 
 
Table 6-2. Surface water major ions and field physico-chemical parameters 
Station 
ID 
Source Sampling 
Date 
Field Parameters TDS 
(mg/L) 
Ca 
(mg/L) 
Mg 
(mg/L) 
Na 
(mg/L) 
K 
(mg/L) 
Cl 
(mg/L) 
Measured 
Alkalinity  
(mg/L) 
HCO3  
(mg/L) 
CO3 
(mg/L) 
SO4 
(mg/L) 
SiO2 
(mg/L) Temperature 
(Deg. C) 
pH  Eh 
(mV) 
DO 
(mg/L) 
E.C. 
(uS/cm) 
B10 Surface 11/11/2014 - - - - - - 4 3 9 3 11 17 20.7 <1 7 17.1 
B11 Surface 11/11/2014 16.2 6.4 215 6.32 183 - 8 7 38 3 64 41 50.0 <1 0.5 10.5 
B15 Surface 15/12/2014 25.4 6.2 106.3 2.9 169.2 174 3 3 20 3 31 8 9.8 <1 9 11.19 
B17 Surface 3/12/2014 22.4 6.4 168.9 2.23 165.8 - 4 3 21 4 28 28 34.2 <1 0.5 - 
B18 Surface 11/11/2014 21.4 7.2 200.7 8.89 165.6 - 14 8 32 3 53 67 81.7 <1 0.5 15.2 
B5 Surface 2/12/2014 24.9 3.3 404 3.1 778 - 5 3 24 3 28 21 25.6 <1 15 - 
B7 Surface 11/11/2014 18.7 5.5 281.5 4.4 109.7 - 3 3 20 2 30 8 9.8 <1 15 14 
B8 Surface 2/12/2014 18.9 6 239.5 5.97 154.5 - 4 3 25 3 34 27 32.9 <1 0.5 - 
B9 Surface 11/11/2014 16.4 5.8 222.7 5.79 96.2 - 2 3 19 1 28 13 15.9 <1 0.5 11.2 
M2 Surface 11/11/2014 16.6 6.8 189.1 6.35 347.9 - 14 8 50 4 91 55 67.1 <1 0.5 11.6 
M3 Surface 11/11/2014 15.2 6.3 234.1 4.9 146.6 - 14 8 29 6 40 76 92.7 <1 0.5 12.2 
M5 Surface 11/11/2014 16.3 7.0 139.3 8.02 170.1 - 11 6 29 4 38 70 85.4 <1 0.5 23.6 
M6 Surface 11/11/2014 14.7 7.0 203.3 7.41 1440 - 73 35 241 8 485 177 215.9 <1 19 15 
S2 Surface 11/11/2014 18.8 4.6 330 4.2 261.3 - 15 11 31 2 45 9 11.0 <1 68 11.8 
S4 Surface 11/11/2014 15.8 6.5 166.8 3.37 130.8 - 7 7 28 3 34 54 65.9 <1 0.5 8.7 
S5 Surface 11/11/2014 15.5 6.0 184.9 1.93 110.7 - 7 6 19 3 19 64 78.1 <1 0.5 20 
S6 Surface 11/11/2014 13.8 6.4 128.8 2.58 105 - 4 4 22 3 30 34 41.5 <1 2 - 
S7 Surface 17/12/2014 18.1 5.9 185 3.41 115.1 195 4 3 14 2 19 26 31.7 <1 0.5 16.1 
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Table 6-3. Groundwater major ions and field physico-chemical  parameters 
Station ID Source Sampling 
Date 
Field Parameters TDS 
(mg/L) 
Ca 
(mg/L) 
Mg 
(mg/L) 
Na 
(mg/L) 
K 
(mg/L) 
Cl 
(mg/L) 
Measured 
Alkalinity  
(mg/L) 
HCO3  
(mg/L) 
CO3 
(mg/L) 
SO4 
(mg/L) 
SiO2 
(mg/L) Temperatur
e (Deg. C) 
pH 
(field) 
Eh 
(mV) 
DO 
(mg/L) 
E.C. 
(uS/cm) 
BCR1 KCSS Mbr 18/12/2014 22.2 6.1 196.6 4.0 675 472 39 14 92 5 142 153 186.7 <1 6 22.0 
GW018129 Basalt 26/06/1974 - - - - 1000 684 39.1 27.9 108.1 0 235.8 - 146.4 0 2.4 96 
GW018134 Basalt 26/09/1994 - - - - 689 422 19.0 14.9 80 0 159.9 - 93.4 0 8.2 35 
GW019261 Basalt 20/03/2015 24.8 6.6 224.4 4.4 3245 1690 75 96 338 2 794 320 390.4 <1 27 33.0 
GW038252 Rappville Mbr 27/05/1974 - - - - 290 684 1.002 4.3 44.8 0 56.7 - 12.2 0 0 7 
GW038253 Rappville Mbr 27/05/1974 - - - - 640 355 4.0 5.5 85.1 19.6 120.5 - 109.8 0 0 7 
GW038888 Alluvium 27/05/1974 - - - - 400 252 10.0 7.9 46 9.8 72.7 - 45.8 0 9.6 15 
GW039122 Alluvium 17/03/2015 23.1 6.0 3.7 0.3 738 432 11 18 83 5 181 46 56.1 <1 5 30.0 
GW039122 Alluvium 10/07/1975 - - - - 410 234 4.6 6.1 59.3 1.173 99.3 - 36.6 0 2.4 19 
GW039122 Alluvium 11/07/1975 - - - - - - 2.605 5.8 62.1 1.173 99.3 - 30.5 0   18 
GW039122 Alluvium 30/11/1977 - - - - 480 - 5.4 10.9 71.7 2.346 113.4 - 48.8 0 0 28 
GW039122 Alluvium 11/11/1978 - - - - 420 237 3.4 6.2 60.7 1.173 106.4 - 27.5 0 2.4 23 
GW039141 Alluvium 23/01/2015 20.2 5.6 110.7   680 354 4 5 123 2 165 47 57.3 <1 18 57 
GW039141 Alluvium 4/12/1975 - - - - 670 422 4.2 5.35 115.9 2.346 157.8 - 45.8 0 21.6 51 
GW039141 Alluvium 1/12/1977 - - - - 770 530 11.2 10.0 132.4 2.346 179 - 146.4 0 0 38 
GW039141 Alluvium 6/09/1978 - - - - 675 461 4.6 5.0 126 2.737 169.8 - 56.1 0 - 57 
GW039141 Alluvium 13/01/1981 - - - - 940 633 26.3 23.5 122.5 3.1 175.5 - 188.5 0 9.1 62.3 
GW039144 Alluvium 15/12/2014 20.7 6.7 -76.8 0.6 528 134 4 1 44 4 16 214 261.1 <1 2 36.4 
GW039148 Alluvium 23/01/2015 21 5.8 92 - 1029 557 18 18 148 2 274 42 51.2 <1 1 48 
GW039167 Alluvium 23/01/2015 21.8 6.1 48.1 - 4345 2520 183 148 364 43 1260 168 205.0 <1 0.5 25.3 
GW039169 Alluvium 16/12/2014 27.6 5.9 44 0.4 2541 1190 50 56 300 3 748 32 39.0 <1 4 32.5 
GW039169 Alluvium 3/08/1977 - - - - 1580 1063 49.1 62 183 5.9 331.5 - 405.8 0 12 8 
GW039170 Alluvium 16/12/2014 26.2 5.7 37.2 0.6 212 152 3 2 30 2 35 23 28.1 <1 4 29.3 
GW043084 Alluvium 19/03/2015 23.2 4.8 315.7 4.2 566 34 0.5 0.5 9 0.5 12 4 4.9 <1 0.5 9.3 
GW046616 Rappville Mbr 23/01/2015 21.2 3.9 385 1.2 2839 1270 7 40 480 1 902 0.5 0.5 <1 16 81 
GW056967 Alluvium 23/01/2015 22.2 6.1 37.6 0.6 789 387 36 4 92 10 177 68 83.0 <1 12 19.4 
GW070208 Rappville Mbr 17/03/2015 23.3 7.1 56.4 4.2 12520 7380 400 291 1490 8 3990 648 790.6 <1 111 19.78 
GW071039 WCM 18/03/2015 22 6.9 15.6 0.4 3481 1930 190 65 376 5 788 430 524.6 <1 144 22.68 
GW301295 Piora Mbr 16/03/2015 21.8 4.2 403.3 3.7 129.8 92 1 2 18 0.5 20 2 2.4 <1 14 10.7 
GW302655 WCM 19/03/2015 22.3 7.2 -14.6 0.4 3427 1830 96 40 564 9 599 884 1078.5 <1 37 21.4 
GW305734 WCM 23/01/2015 22.7 6.8 -32.9 0.4 7483 4500 131 135 1450 4 2440 718 876.0 <1 162 16.7 
GW305748 WCM 23/01/2015 23.6 6.8 -31.1 0.2 1055 514 58 13 125 4 177 255 308.7 2 4 33 
GW306431 Piora Mbr 19/03/2015 21.9 4.3 384.7 4.1 82.9 53 0.5 0.5 12 0.5 15 1 1.2 <1 4 24.6 
Historical data (meets quality assurance requirements) 
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6.4.2 Groundwater 
Physico-Chemical Character 
Of note in the groundwater data was the low pH values recorded for the Piora Member waters. Both 
sampling bores were located in the Bora Ridge area where the Piora Member subcropped beneath 
extensive areas of pyrite-rich marine sediment (Gundurimba Clay). This may be explained by 
recharge from the alluvium which contains reduced sulfur species, infiltrating to the Piora Member 
from the alluvial aquifer. Mixing then occurs with oxygenated water recharging from exposed 
outcrops, causing oxidation of pyrite and lowering pH. The cause of the very low pH values from 
the Rappville Member (GW046616 at Rappville) has not been determined. 
 
The electrical conductivity data shows that groundwater in the Kangaroo Creek Sandstone Member, 
Piora Member and most of the alluvium is relatively fresh (<1000 uS/cm).  The highest EC values 
were found in the Rappville Member and Walloon Coal Measures. The overall highest value (at 
GW070208) in the Rappville member is thought to reflect evapotranspiration and extremely slow 
recharge through clays and shales that comprise this unit. 
 
 
 
Figure 6-5.  Box and whisker plots of groundwater pH and electrical conductivity by aquifer. 
Note low pH and EC values in the Piora Member, and the wide range of both values in  
the Rappville Member and alluvium. 
   
Major Ions 
Groundwater data included a number of historical analyses for major ions, which are shown in 
Table 6-3. Charge balance quality assurance/ quality control calculations performed on the 
historical data indicated that much of it was of poor quality and consequently many samples were 
excluded. Data which passed the QA/QC check was included. 
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As in the case of surface water, low SO4
2-
 is an almost universal feature of the groundwater data.  
Anion variability is mainly between HCO3
-
 and Cl
-
 and cations, while dominated by Na
+
 are almost 
equally distributed between Mg
2+
 and Ca
2+
. 
 
Figure 6-6. Piper plot of groundwater major ions (current study). 
         
Figure 6-7. Piper plot of historical groundwater major ion analyses (1974- 1994) (NSW Office of 
Water, 2010). 
 
Groundwater analysis showed that both alluvial and consolidated aquifers were of a predominantly 
Na-Cl water type (refer Figure 6-6). However, three samples from the consolidated aquifers (WCM 
and KCSS) were distinguished by elevated HCO3
-
 and slightly elevated Ca
2+
, and two from the 
Piora Member showed elevated sulfate. These results are generally consistent with the historical 
data collected in the study area from 1974 – 1994 (refer Section 3.7 and Figure 6-7).  
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The enriched in bicarbonate results are similar to those reported by Duvert, et al. (2015) in the 
northern Clarence-Moreton Basin. Also similar to Duvert’s results was the low level of sulfate 
which may be due to in part to relatively low rainfall sulfate levels in inland and upland areas (as 
described in Section 6.4.1), but may also reflect precipitation of gypsum (CaSO4) from 
groundwaters and hence loss of the soluble ions.  
 
The presence of elevated sulfate was an indicator of both coastal rainfall and, where it exceeded 
50%, of acid sulfate soils (ASS). Very high SO4
2-
 (>50% of anions) was found in lowland surface 
waters where runoff occurred from known acid sulfate soils (site S2). 
 
The combination of enriched bicarbonate and depleted sulfate is characteristic of many 
groundwaters associated with coal seam gas (van Voast, 2003) and with the process of sulfate 
reduction, however, a clear relationship between groundwater bicarbonate and sulfate is not 
discernible for any of the aquifers sampled. The two samples from bores in the Piora Member 
(GW301295 and GW306431B) show proportionately higher sulfate levels, possibly due to acid 
sulfate soil influence (refer previous section) and more strongly oxidizing conditions in the Piora 
Member aquifer (refer Figure 6-11). The very low sulfate of the consolidated sediments appears to 
be reflected across all samples from the alluvium, indicating that recharge to the alluvium from the 
more sulfur-rich rainfall (as described in Section 3.6) has not significantly affected groundwater 
chemistry. 
 
Bore GW039144 plots in an anomalous position, possibly due to a very high level of ammonia in 
the sample (32.4 mg/L), which is unaccounted for in the Piper Plot (Figure 6-6). This may be 
explained by decomposition of organic matter within the alluvium, as described by Lingle (2013) 
who researched occurrence of ammonium in groundwaters in Michigan, U.S.A. In Lingle’s study, 
high methane levels coincided with the occurrence of ammonium and highly reducing conditions, 
as is also the case for GW039144, which recorded the highest level of dissolved methane in all 
groundwater samples. 
 
 An alternative explanation is that the ammonium originates from recharge to the South Casino 
Gravel from a surface lagoon in the vicinity of the bore. The low Eh value (and consequent absence 
of oxygenated N species), is thought to be due to anoxic conditions near the bed of the lagoon 
brought about by the decay of naturally-occurring organic matter and possible seasonal thermal 
stratification. Relatively low EC and chloride at GW039144 is also consistent with this conceptual 
model as the recharging surface water from the lagoon is probably relatively fresh. However, this 
does not explain the significant depletion of chloride with respect to other anions. It is considered 
that this depletion is due to the reaction of chloride with ammonia to form chloramine compounds. 
Whilst no natural examples of this process have been described in the literature, the chemical 
reaction is very similar to that routinely used in some man-made ground-water treatment systems 
where sodium hypochlorite is added to ammonia-rich groundwater to form chloramines for the 
purpose of disinfection (Kirmeyer, 2004). 
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Bore GW039167 showed elevated Ca and Mg relative to other alluvial groundwaters and showed 
very similar major ion chemistry to surface water from site S2. This probably reflects the greater 
prevalence of Kyogle Basalt within the Sandy Creek catchment and may indicate connectivity 
between surface and groundwater in this locality. This is surprising given the depth to the aquifer 
(approximately 35 m) and the low permeability of the overlying Gundurimba Clay but may be the 
result of infiltration from large areas of swamp land in the Bora Ridge and West Coraki areas. The 
absence of a significant amount of sulfate in this sample may be due to the low redox potential 
causing sulfate reduction. 
 
A comparison of surface and groundwater major ions shows a high degree of similarity between the 
two groups (refer Figure 6-8). High sodium and low sulfate are a feature of both surface and 
groundwater, though the highest levels of sodium are in groundwater.  No clear insights into 
surface and groundwater connectivity are provided by this comparison. 
 
 
Figure 6-8. Surface and Groundwater Major Ions 
 
Cation Chloride Ratio 
Cation chloride ratio (CCR) as described by Owen et al. (2015) and Duvert, et al. (2015) was 
calculated for surface and groundwaters and plotted against bicarbonate normalized for chloride 
(refer Figure 6-9). This was compared to the geochemical conceptual model developed by Gray et 
al. (2015), for groundwater in the western Richmond River catchment, including the South Casino 
Gravel and Clarence-Moreton Basin aquifers. In Gray’s model the major groundwater geochemical 
processes are evapotranspiration, cation exchange, carbonate precipitation/dissolution, basalt 
mineral weathering (release of Ca
2+
, Mg
2+
 and HCO3
-
) and incongruent dissolution (refer Figure 
6-9). However in the current study area, conditions vary somewhat from those described by Gray; 
in contrast to the western Richmond catchment, values for calcite saturation index (SI) calculated 
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from the current data are predominantly negative except for samples from the Walloon Coal 
Measures which were mostly positive. This indicates that calcite precipitation is not occurring 
along groundwater flow paths in the alluvium or in other Post-Walloon consolidated aquifers (refer 
Figure 6-10). Furthermore, as occurrence of basalt in the study area is relatively minor compared to 
the upper Richmond River valley, its influence on groundwater composition is likely to be limited. 
Figure 6-6 illustrates major ion chemistry of aquifers with influence from Kyogle Basalts (Drury, 
1982a). Groundwater samples from the current study show little similarity with these aquifers. 
These factors distinguish hydrochemical processes in the study area from those elsewhere in the 
greater Richmond catchment. Figure 6-9 shows that all surface and groundwater samples have a 
cation-chloride ratio less than 0.5 and most are between -1.5 and 0. This narrow range of values 
indicates that there are no strong influences on the relative concentration of cations, such as basalt 
weathering, albite weathering or cation exchange.  
 
The predominantly negative CCR values further indicate that sodium is the dominant cation. Two 
exceptions to this are the surface water sample from site S2 and the groundwater sample from bore 
GW039167, which are located close together in the lower Sandy Creek catchment and which show 
slight increases in Mg relative to other samples. This is thought to be due to discharge from basalt 
aquifers in the catchment and suggests some communication between surface and groundwater in 
the area. Given that the samples from basalt aquifers (GW019261, GW018129, GW018134) show 
only slight elevation of Mg, discharge to other waters is expected to produce a subtle signal.  
 
Elevated HCO3
-
/Cl
-
 ratios associated with basalt weathering in the western Richmond catchment 
did not appear in the current study area, even within the basalt aquifer. 
 
Groundwater samples show generally lower values of HCO3
-
/Cl
-
 than for surface water, however, a 
significant range is evident in which groundwater values overlap with those for surface water (e.g. 
0.1< HCO3
-
/Cl
-
<1). This may indicate interaction between surface and groundwaters such as 
between bore GW039167 and site S2 which plot in similar positions, possibly indicating some type 
of connectivity (refer Figure 6-9). No such relationship is evident for other surface and groundwater 
samples from sites in close proximity (e.g. GW302655 and M6, GW039122 and S4).  
 
Of the five samples with HCO3
-
/Cl
-
 ratio less than 0.1, all are groundwater samples and three are 
from the Bora Ridge area where the Piora Member either outcrops or subcrops. The remaining two 
are from bores in the Rappville Member in the locality of Rappville, suggesting an overall trend of 
low HCO3
-
 for the Grafton Formation. 
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Figure 6-9. Surface and groundwater cation chloride ratio v bicarbonate / chloride. Schematic 
hydrogeochemical conceptual model for West Richmond River catchment after Gray, et al. (2015) 
 
Figure 6-10. Groundwater calcite saturation index calculated from the current data, showing 
negative values for most bores. Most WCM bores show positive values.This data indicates that 
calcite precipitation is not occurring in the alluvium and most consolidated aquifers . 
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Figure 6-11. Groundwater oxidation/reduction potential 
 
Chloride Mass Balance 
Calculations and Results 
Estimates of annual groundwater recharge (mm/yr) were obtained for alluvial and consolidated 
aquifers using the equation: 
 
R = (P x Clp)/Clsw    Equation 6-1 (Allison et al., 1978) 
 
 
where R is annual recharge (mm/yr), P is annual precipitation (mm/yr) Clp is the mean 
concentration of chloride in rainfall (mmol/L) and Clsw is the concentration of chloride in water 
below the vegetation root zone (mmol/L). 
 
Chloride concentrations in rainfall were obtained from data collected by Drury (1982b), and rainfall 
data from the Bureau of Meteorology website (Bureau of Meteorology, 2015b). Monthly mean 
values for chloride concentration were obtained for Lismore (0.33 mmol/L) and Casino (0.15 
mmol/L) and mean annual rainfall values were 1343 m and 1098 mm respectively (refer Figure 
6-13).  
 
Groundwater chloride concentrations were obtained from bore samples in the study area from 
December 2014 to March 2015. Historical data from five other bores was also used. 
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To calculate recharge, rainfall and chloride concentrations for Casino were used for all bores west 
of a line parallel to the coast and passing midway between Casino and Lismore. For bores east of 
the line, values for Lismore were adopted as shown in Figure 6-13. 
 
 
 
 
Figure 6-12. Recharge estimates (mm/yr) from chloride mass balance (by aquifer). 
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Figure 6-13. Groundwater recharge rate (mm/yr) estimated from chloride mass balance and 
showing generalised spatial distribution relative to aquifer geology. 
 
In the South Casino Gravel alluvial aquifer, recharge estimates show decreasing recharge down-
gradient from GW043084 at Wyan (486.5 mm/year) to GW039169 at Summerland Way, Rappville 
(7.8 mm/year). This is probably due to thickening of the overlying less-permeable Greenridge 
Formation and the resultant increasing influence of evapotranspiration on recharge. 
Evapotranspiration of diffuse recharge along the flow-path appears to be responsible for the trend 
of salinization which occurs in the upper catchment. This trend is interrupted at bore GW039170 
where local recharge is estimated to be occurring and a value of 166.8 mm/year was calculated. 
This is surprising since bore logs and recent measurements at GW039169 and GW039170 both 
show the aquifer potentiometric surface to be several metres above its upper level; this indicates 
that the aquifer is at least partially confined in this locality (refer Figure 5-4Figure 5-17). The 
potentiometric surface also appears to be above the normal level of Myrtle Creek, suggesting that 
recharge from the creek channel to the aquifer is not possible.  
 
One possible explanation is that groundwater at GW039169 is more influenced by flows from the 
sub-catchment to the south west, while GW039170 is indicative of water from the west (Myrtle 
Creek catchment). This possibility has not been explored further due to the absence of any 
groundwater data from the south-western sub-catchment. 
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Alternatively, a mechanism for local recharge may occur by way of several small natural lagoons 
adjacent to Myrtle Creek. These lagoons located on the western side of the Summerland Way, may 
have sufficient elevation to overcome the potentiometric head of the confined aquifer and for 
infiltrating water to locally recharge the aquifer. The lagoons would therefore act as a permeable 
“window” for “point source” recharge from the surface to the South Casino Gravel.  
 
Similarly, on Bungawalbin Creek at Yellow Crossing, chloride mass balance calculations at two 
monitoring bores GW039141 and GW039144 suggest possible local recharge. Bore GW039144 in 
particular shows a very low chloride concentration (0.45 mmol/L) giving a very high recharge 
estimate of 981.9 mm/year. This estimate may be influenced by local depletion of chloride due to 
the presence of ammonia, as discussed in Section 6.4.  As for Myrtle Creek, infiltration from 
Bungawalbin Creek directly to the South Casino Gravel is not considered possible as the 
potentiometric level of the aquifer is above the level of the creek. However a large natural lagoon 
(Horseshoe Lagoon) is located approximately 200 m to the south of bore GW039144.  
 
Access to the lagoon was not possible for sampling or level measurement, however, other natural 
lagoons in the area are mostly relict stream channels and were observed to be incised several metres 
into the alluvium. As aerial photography from 2004, 2011 and 2015 (Google Inc., 2015) all show 
Horseshoe Lagoon containing water; it is therefore considered a perennial water body. Borehole 
logs indicate that the Greenridge Formation in the area consists largely of silts and sands that may 
have sufficient hydraulic conductivity to allow infiltration into the aquifer (refer Figure 5-5). It is 
therefore hypothesized that local recharge occurring in the vicinity of GW039144 is “point source” 
recharge infiltrating from Horseshoe Lagoon. 
 
At GW039141, the annual recharge estimate is 95.2 mm/year, also contradicts the decreasing 
infiltration trend in the alluvium and indicates possible local recharge. A number of ephemeral 
swamps in this locality may be the source of this recharge, which appears to be occurring at a lower 
rate than from Horseshoe Lagoon. 
 
Bores GW039122 and GW039148 are located adjacent to Sandy Creek at Ellangowan and had 
relatively low annual recharge estimates of 32.2 and 21.3 mm/year respectively; these values 
indicate significant evaporation of recharge water during infiltration.  As described in Section 
5.3.2.5.2, the potentiometric surface of the South Casino Gravel in this area is close to the level of 
Sandy Creek, suggesting possible hydraulic communication. 
 
Limitations to Chloride Mass Balance Method 
The above method is based on several assumptions, the first of which is that average chloride input 
to the landscape is constant over time. This assumption is believed to be valid over the time-frame 
required for chloride concentrations to equilibrate between rainfall, soils and groundwater, which 
has been estimated at between 20 and 400 years for rural catchments in Western Australia (Peck et 
al., 1973). The second assumption is that the mean evapotranspiration rate remains constant over 
time. This is largely dependent on vegetation types and therefore by land use which, in the case of 
the study area, has undergone considerable change during the time of European settlement. Where 
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land has been cleared (as in parts of the Bungawalbin, Rappville and Ellangowan areas), it is 
possible that groundwater chloride still reflects the higher concentrations (and therefore lower 
recharge rates) typical of uncleared conditions. Recharge in these areas may therefore be 
underestimated. Establishment of timber plantations in formerly cleared areas such as in the 
western part of the catchment may have the opposite effect and lateral flow of groundwater from 
one land use area to another is a further complication making it difficult to allow for land use 
change in estimation of recharge rates.  
 
It is therefore considered that, although useful as approximations and indicators of processes, 
recharge rates determined from chloride mass balance are estimates only. 
 
6.5 RADON 
Because of its short half-life (3.8 days) and chemical and biological inertness, 
222
Rn serves as an 
excellent tracer for groundwater discharge, equilibrating with groundwater in the aquifer within 
approximately 25 days, then quickly dissipating by de-gassing and radioactive decay shortly after 
discharging to the surface (Mullinger, et al., 2007). It has been used widely in Australia and 
elsewhere as a tracer for groundwater discharge to streams in a variety of environments (Burnett 
W.C., 2010; Cook, et al., 2011; McCallum et al., 2012; Oyarzun et al., 2014; Santos, et al., 2011; 
Yu et al., 2013) and also for detecting recharge to alluvial aquifers (Close, et al., 2014). It was 
therefore considered an appropriate method for investigating groundwater-surface water interaction 
in the study area. 
 
Measurement of  
222
Rn in water samples with the Durridge RAD7 Radon Detector® carried a 
relatively high level of uncertainty. For the four measurements made by the instrument for each 
sample, standard deviation was typically between 10-30% of the mean value and up to 120% for 
values less than 100 Bq/m
3
. For this reason, radon results have been used semi-quantitatively for 
general comparison rather than quantitatively for calculation of discharge fluxes or other values. 
 
6.5.1 Groundwater 
Groundwater radon levels provided information on radon production in different aquifers and 
served as a basis for comparison with surface levels so that the overall magnitude of discharge 
could be assessed. 
 
The highest groundwater radon levels were 15,600 Bq/m
3
 from the Kyogle Basalt aquifer in the 
Ellangowan area and 12,900 Bq/m
3
 from the South Casino Gravel alluvial aquifer at Wyan, west of 
Rappville. Values over 5,000 Bq/m
3
 were also obtained from the Rappville Member at Rappville, 
the Kangaroo Creek Sandstone Member at Bungawalbin, and from two bores in the Piora Member 
at Bora Ridge (refer Figure 6-14. And Figure 6-15 ). Values from the alluvium were mostly similar 
to shallow groundwater values obtained by Santos, et al. (2011) from the Tuckean Swamp in the 
northern Richmond River catchment, which had a median value of 118 ± 34 dpm/L (1950 ± 564 
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Bq/m
3
) (n = 7). The high value for Bore GW043084 in the upper catchment alluvium is unexpected 
and its cause is thought to be a localized difference in mineralogy. 
 
 
Figure 6-14. Groundwater radon activity (Bq/m3) in bore waters, showing source aquifer. 
 
Eastward from bore GW043084, a consistently decreasing trend in radon activity is evident along 
the potentiometric gradient in the alluvium of the Myrtle/Bungawalbin catchment. The reason for 
this is unclear but is also thought to be related to a corresponding trend in the mineralogy of the 
aquifer. Bores where rapid recharge has been indicated by geochemistry and isotopic evidence (e.g. 
GW039170, GW039141, GW039144) also exhibit relatively low radon levels, suggesting dilution 
of radon by recharge water. As 
222
Rn activity equilibrates with its radiogenic parent, radium (
226
Ra) 
within 25 days (Mullinger, et al., 2007), it follows that decreased 
222
Rn due to recharge can only 
occur within a distance from the recharge point corresponding to a 25-day groundwater travel time. 
Recharge close to the sampling bores is therefore indicated. 
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Figure 6-15. Groundwater radon activity in bores showing distribution relative to aquifer geology. 
 
 
6.5.2 Surface Water 
Figure 6-16 and Figure 6-17 show surface water radon values. In the Myrtle Creek catchment, 
values are highest in the upper reaches, consistent with groundwater discharge from the more 
radon-rich consolidated sediments and possibly from high-radon alluvium such as at GW043084. In 
the Bungawalbin catchment, surface water radon is highest at site B15, where water drains from a 
large swamp at Moonem. The high level is thought to be due mainly to drainage of shallow 
groundwater, however discharge from the underlying Kangaroo Creek Sandstone Member and 
Maclean Sandstone Member is also possible. Sites B8 and B14 are in the same reach of 
Bungawalbin Creek and show similar relatively high radon levels (222 Bq/m
3
) indicating probable 
groundwater discharge. This is particularly significant as radon activities in samples from the 
alluvial groundwater in that area were low (<1000 Bq/m
3
), in contrast to other groundwater 
samples, which were mostly greater than 2000 Bq/m
3
. 
 
Furthermore, in this area, net flows in 
Bungawalbin Creek during dry periods (as at the time of radon sampling) have been estimated at 
approximately 350 m
3
/hr. It is therefore concluded that relatively high radon activity at B8 and B14 
are indicative of significant groundwater discharge to this reach of the creek.  
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Low radon in the surface water of the lower catchment (site B7 – 73.9 Bq/m3) is consistent with 
major ion and isotopic evidence of tidal ingress of water from the Richmond River which has 
typical winter (low flow) radon levels at Coraki of around 5 dpm/L (80 Bq/m
3
) (Santos, et al., 
2011). 
 
 
 
Figure 6-16.Surface water radon activity (by catchment) 
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Figure 6-17. Surface water radon activity – spatial distribution. 
 
In the Sandy Creek catchment, surface water radon levels were moderate to high in the mid-
catchment area (sites S5, S6 and S7) but decreased to zero at S3. However, radon was again 
detectable at site S2 in the lower catchment, suggesting a separate source of groundwater discharge. 
This is probably due to shallow groundwater seeping into artificial drains along lower Sandy Creek; 
such a process was described by Santos, et al. (2011) for the Tuckean Swamp, 16km to the north 
east. 
 
In the case of S7 (407 Bq/m
3
), this is thought to be due to discharge from the basalt aquifers in the 
area with relatively higher radon, as indicated by the high radon activity in bore GW019261 
(15,600 Bq/m
3
). 
6.5.3 Summary 
In summary, radon analysis indicates high variability within groundwater samples (333 – 15,600 
Bq/m
3
) and generally higher levels in the consolidated aquifers (mean = 5405 Bq/m
3
) than in the 
alluvium (mean = 2911 Bq/m
3
). Surface water radon levels indicate that, during the sampling 
periods, groundwater discharges to streams in all catchments, notably in the upper Myrtle Creek 
and at high rates in the Yellow Crossing area of Bungawalbin Creek. Discharge to creeks from 
shallow groundwater is likely from Moonem and Kookami Swamps and variable geology (i.e. 
basalt outcrops) influence radon activity in the Sandy Creek catchment.  
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Relatively high standard deviations in the measurement of radon by the RAD7 instrument and high 
variability within groundwater sources make quantitative interpretation of discharge from aquifers 
to surface waters difficult.  
 
6.6 STABLE ISOTOPES 
6.6.1 δ2H and δ18O of Water 
Fractionation patterns in stable isotopes of water indicate climatic contrasts between coastal settings 
and inland parts of the study area, as well as other hydrological processes relevant to the study of 
the catchments. 
 
Different climatic and geomorphological regions typically have different local meteoric water lines 
(LMWL) in the plots of their stable isotope data. The LMWL for Brisbane (Crosbie et al., 2012) 
was adopted for comparison with data from the current study area to determine likely climatic 
processes that may have acted on the various water sources. Brisbane is the location closest to the 
study area with published stable isotope data (170 km to the north). It has similar climatic 
conditions, is near to the coast and has an altitude close to sea level. For these reasons it was 
considered more closely reflective of the study area than the next closest published LWML site at 
Toowoomba , which is 120km inland, and at an altitude of approximately 630 m ASL. 
 
Variations between the study area data and the LMWL will therefore reflect the degree of 
difference from Brisbane’s local climatic and hydrological conditions. 
 
Groundwater 
Groundwater in the study area was generally more depleted in both δ2H and δ18O than surface 
water, and plotted to the left of the LMWL (refer Figure 6-18). This suggests that recharge occurs 
predominantly inland and in upland areas where isotope depletion is greater, and that evaporative 
processes have minimal influence on this recharge. Minor evaporative influence is detectible in 
surface waters which have a broader range of values. This is considered to be due to the variety of 
sources including groundwater discharge, surface water runoff and fresh water tidal flow from the 
Richmond River, that contribute to the composition of surface waters in the study area. 
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Figure 6-18. Stable isotope plot for surface and groundwater compared to the Brisbane local 
meteoric water line (LMWL). 
 
Figure 6-19. Stable Isotope plot for alluvial and consolidated aquifers compared to Brisbane 
LMWL. 
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Figure 6-19 shows the close similarity between isotopic signatures from alluvial and consolidated 
aquifers, which indicates a significant interaction between the two aquifer types. 
 
Samples from the alluvium show a subtle trend of isotope depletion with distance along the flow 
path (refer Figure 6-20a). Bores in the upper catchment such as GW056967 and GW043084 show 
enriched isotopic values due to higher evapotranspiration where the aquifer is shallow and lies 
within the plant root zone. Bores GW039148 and GW039141 are more depleted, probably as a 
result of some local recharge. At these locations, the aquifer lies below the plant root zone, 
lessening the likelihood of evaporative effects occurring along the groundwater flow path.    
 
Where recharge occurs relatively rapidly, recharge water is affected to a lesser extent by 
evaporation and isotopes remain depleted to a similar extent as local rainfall. The samples from 
bores GW039170 and GW039122 show the most depleted levels of both 
2
H and 
18
O, suggesting 
water in the aquifer has recharged relatively rapidly in these localities. In the case of GW039170, 
this is also indicated by major ion chemistry and has been explained by “point source” recharge, 
however no obvious mechanisms for rapid recharge at GW039122 are apparent. These isotope 
results could be explained by lateral flow of depleted groundwater from recharge sites further 
upstream.  
 
Recharge may be localized, such as from lagoons or from basalt subcrops, the influence of which is 
apparent in the geochemistry. More diffuse sources may include floodwater over the surface of the 
alluvium. Each of these proposed mechanisms could provide both sufficient hydraulic head to cause 
downward flow, and a source of recharge water which is minimally affected by evaporation and 
therefore isotopically depleted. 
 
The relatively enriched signature for GW039167 is anomalous with regard to the depleting trend 
along alluvial groundwater flow paths. However isotopic enrichment is consistent with recharge to 
the South Casino Gravel from swamps and wetlands in the Bora Ridge and West Coraki areas, 
which has also been indicated by chemistry results. Depending on the hydraulic properties of the 
underlying substrate, water recharging from these ephemeral surface water bodies could be 
substantially affected by evapotranspiration, and therefore become isotopically enriched. Water 
sampled from Sandy Creek at site S2, immediately downstream of Kookami Swamp shows this 
type of isotopic signature.  
 
In the consolidated aquifers (CM-B and basalt), all samples also plot closely to the LMWL 
indicating recharge to aquifers has occurred in a similar climatic regime to Brisbane. One notable 
feature is that samples from the Walloon Coal Measures on the western side of the catchment 
(GW302655 and GW071039) show a more depleted signature than samples from all C-MB aquifers 
on the eastern side (GW305734 and GW305748). This probably reflects the more depleted signal 
from inland and upland rainfall recharging to WCM outcrop areas, compared to that from lower 
areas, closer to the coast. 
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The isotopic signatures from alluvial bores in the vicinity of the Coraki Fault (GW039141, 
GW039167) coincide with the signatures from bores in the Walloon Coal Measures on the eastern 
side of the catchment (GW305734 and GW305748) and from the Piora Member (GW304295 and 
GW3054310) and Kangaroo Creek Sandstone Member (BCR1). This may be due to the similar 
signature of rainfall in the immediate area however it is also consistent with aquifer interaction by 
way of the Coraki Fault and its surrounding fracture zone.  In the case of GW039141, mixing with 
local recharge as discussed in Section 6.4.2 may be the cause of the slight depletion relative to the 
other bores. Isotopic analysis of GW039144 was unsuccessful due to unacceptably high errors in 
the automated analytical process.  
 
The two bores from the Rappville Member (GW046616 and GW070208) also have a very similar 
isotopic signature to the other bores from the C-MB, however their locations are to the west and 
centre of the catchment respectively, where more depleted values would be considered likely. It is 
hypothesized that the depleted signature of rainfall in these localities has been offset by the effects 
of evaporation. 
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Figure 6-20. Groundwater stable isotope plots by aquifer. 
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Figure 6-21. Stable isotope plots from (a) Myrtle, (b) Sandy and (c) Bungawalbin Creeks 
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Surface Water 
Surface water stable isotopes showed evidence of evaporation in Myrtle and Sandy Creek 
catchments (refer Figure 6-21). This is expected as most stream flows were either very low or zero 
when samples were collected in the late spring and early summer. Evaporative trends show 
significant deviation from the LMWL indicating evaporation has occurred under less humid 
conditions, probably typical of the inland portion of the study area. By contrast, the isotopic 
signature from Bungawalbin Creek plots parallel to the LMWL but with generally more depleted 
2
H, indicating a more humid vapour source in comparison to the Brisbane isotope data. For samples 
B7, B15 and B5, this could be associated with runoff from the coastal Moonem range. 
 
Samples from the Bungawalbin Creek tidal pool indicate a higher level of evaporation in upstream 
areas (e.g. B8, B10 and B17) compared to downstream reaches. In the lower reaches of 
Bungawalbin Creek, the influx of less evaporated water from the Richmond River may be the cause 
of a more depleted isotopic signature, especially around site B7, and in tidal areas of low-lying 
tributaries (e.g. B5, B15). The evaporated signature of the upper reaches varies significantly from 
that of alluvial groundwater, which tends to be more depleted. This suggests that either most of the 
water in the upper tidal pool has a surface water rather than a groundwater origin, or that 
evaporation has a significant effect on the isotopic signature of water in the tidal pool. In the light 
of other evidence indicating high groundwater discharge to Bungawalbin Creek, the latter 
explanation is considered more likely. 
 
6.6.2 δ2H and δ13C of Methane 
Dissolved methane is common in alluvial groundwater and in consolidated aquifers in sedimentary 
basins (Atkins, et al., 2015; Bolton, et al., 2012). It is used in groundwater studies in conjunction 
with other geochemical data such as redox indicators, to ascertain geochemical processes occurring 
in a groundwater system (Atkins, et al., 2015). Stable isotopes (
2
H and 
13
C) in methane provide 
further information on its chemical formation (methanogenesis) and subsequent secondary reactions 
in which it may be involved (Atkins, et al., 2015; Kinnon, et al., 2010; Rice, 1993; Whiticar, 1999). 
This can assist in determining whether waters are from a shallow source, or whether they may have 
migrated from deep aquifers. In studies of groundwater methane contamination, stable isotopes of 
methane can help to determine whether methane in solution occurs naturally or as a result of human 
activity altering groundwater and gas flow paths (Bolton, et al., 2012; Heilweil et al., 2013; Osborn, 
et al., 2011). 
 
Initial analysis for dissolved methane concentration was carried out on all surface and groundwater 
samples (results are shown in Figure 6-24). Isotopic analysis of methane was then carried out for all 
samples with methane concentrations greater than 10 ug/L. Of the 38 original samples, 12 
groundwater and 12 surface water samples had detectable CH4 > 10 ug/L threshold and were 
analysed for δ13C – CH4 and δ
2
H – CH4.  
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Surface Water 
Of the surface water samples, those from Myrtle Creek catchment had the highest median dissolved 
methane concentration (refer Figure 6-22.). 
 
The highest levels of surface water methane were found in the middle and upper catchment at sites 
B18, M5 and S5 where methane concentrations were approximately an order of magnitude higher 
than for other surface water samples (refer Figure 6-24). This result was not expected as 
methanogenic conditions were considered more likely to occur in lowland streams where organic 
matter was high and reducing conditions more common. 
 
Table 6-4. Surface and groundwater δ13C – CH4 and δ
2
H – CH4 and dissolved methane. 
Groundwater Surface Water 
Sample 
2
HVSMOW 
13
CVPDB
Diss CH4 
(ug/L)  Sample 
2
HVSMOW 
13
CVPDB
Diss CH4 
(ug/L) 
GW039122 -295.0 -62.38 1390 B5 -234.3 -39.81 29 
GW039141 -211.4 -60.96 11 B8 -231.0 -46.32 18 
GW039144 -287.4 -49.68 3430 B9 -56.3 -24.95 65 
GW039167 -219.6 -59.94 937 B10 -170.1 -39.59 16 
GW039170 -256.2 -60.43 56 B11 -168.6 -38.06 50 
GW043084 -272.8 -55.75 60 S4 -96.1 -34.96 25 
GW046616 -230.5 -49.85 13 S5 -284.0 -56.46 1170 
GW056967 -269.4 -62.38 686 S6 -  -  24 
GW071039 -210.0 -43.54 12 M2 -163.0 -34.39 170 
GW302655 -176.5 -61.30 142 M3 -66.5 -28.43 15 
GW305734 -328.7 -47.51 16 M5 -264.9 -56.46 2230 
GW305748 -239.8 -92.87 81 M6 -149.5 -34.03 61 
GW070208 -    5 B18 -260.4 -56.18 1560 
GW039169 -  -  323         
GW039148 -  -  5         
GW301295 -  -  5         
GW019261 -  -  5         
BCR01 -  -  5         
 
One possible explanation for high methane in the middle and upper catchment is that it forms 
biogenically in stagnant waters and streambed sediments during low flow periods (Jones et al., 
1995). Alternatively, methane may originate from groundwater discharge from the consolidated 
sediments of the C-MB which was found to occur in the upper catchment (Heilweil, et al., 2013). 
Interpretation of isotope analysis according to Whiticar (1999), shows that methane from these 
three samples, which have undergone similar isotope fractionation, may be a mixture of biogenic 
and thermogenic sources or a result of the transition between the two methanogenic processes. 
Alternatively, this signature is also consistent with methane formed by bacterial (biogenic) 
fermentation undergoing subsequent bacterial oxidation, thereby enriching the isotopic signature of 
the remaining methane (Rice, 1993) (refer Figure 6-25). 
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Many surface water samples exhibited methane isotopic signatures indicative of thermogenic 
formation. However, whilst migration of thermogenic methane from deep sources is possible, such 
a wide distribution in surface water is unlikely. A more plausible explanation is that secondary 
effects such as bacterial oxidation of biogenic methane in surface water has caused enrichment of 
2
H in the residual methane (Whiticar, 1999) thereby making the isotopic signature more like that 
from a thermogenic source. 
 
 
Figure 6-22. Dissolved methane concentrations in surface and groundwater. 
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Figure 6-23. Surface water methane results (ug/L) – spatial distribution. 
 
Figure 6-22 illustrates the occurrence of unexpectedly high concentrations of dissolved methane in 
surface waters in the Sandy and Myrtle Creek catchments together with moderately high values in 
the alluvial groundwater. Methane in the Clarence-Moreton Basin consolidated sediments is very 
low relative to other sources. The highest dissolved methane value from the alluvium (GW039144) 
was found in association with a very high concentration of ammonium under highly reducing 
conditions. 
Groundwater 
Historical methane isotope values were obtained for 8 methane gas samples taken from the Walloon 
Coal Measures in 1998. The gas samples were obtained from the four exploration bores 
(Bungawalbin Creek 1-4) at Bungawalbin, at depths ranging from 100 – 650 metres. As only 
graphical results for these analyses were published, their values are indicated as shown in Figure 
6-25. 
 
The highest median concentration of methane in groundwater was in bores from the alluvium. This 
is a similar finding to Atkins, et al. (2015), who was researching the Richmond River catchment. In 
general, dissolved methane concentrations in consolidated aquifers were below10 ug/L, however 
samples from the WCM included values up to 142 ug/L. 
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Figure 6-24. Groundwater dissolved methane. 
The four samples taken from bores in the Walloon Coal Measures as part of this study have isotopic 
signatures which vary widely from each other and from those of the deep gas samples from the 
bores at Bungawalbin. This is because the recently sampled bores are mostly at or near the margins 
of the Clarence-Moreton Basin where the WCM are either outcropping or subcropping. Under these 
shallow conditions bacterial processes such as oxidation of CH4 and reduction of CO2, occur more 
readily than under the higher temperatures and pressures at depth where thermogenic processes 
dominate.  
 
Biogenic processes may therefore be responsible for methane production or secondary oxidation in 
this part of the WCM. Biogenic methane formed near the surface may also mix with upward-
moving thermogenic methane. This complex interaction could result in the wide range of isotopic 
signatures observed in the WCM and the significant departure from those of the deep gas samples. 
One exception to this is bore GW071039 which is screened into the WCM from 76 to 85 m depth 
where it underlies the Piora, Bungawalbin and Kangaroo Creek Sandstone Members. The values for 
δ13C – CH4 and δ
2
H – CH4 from this bore more closely resembled those for the samples from bores 
BC1-4 than other WCM groundwater samples, probably due to the absence of the shallow 
biological processes described above. 
 
Samples most isotopically similar to historical samples from the Walloon Coal Measures (Smith, 
1998) were mostly from surface and groundwater sampling sites in close proximity to the Coraki 
Fault (GW039144, B8 and B5) (refer Figure 6-25). A fourth (GW046616) was from Rappville and 
appeared to be unrelated. 
Groundwater Dissolved Methane 
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For many groundwater samples in this study, it is considered likely that multiple fractionation 
processes may have occurred, altering the original isotopic signature of the methane. In addition to 
the secondary reactions of methane, other processes known to cause isotopic fractionation include 
diffusion and de-gassing. Diffusion of thermogenically formed methane through groundwaters 
would result in a “lighter” signature in the diffused gas, more commonly associated with biogenic 
methane. Similarly, de-gassing of dissolved methane favours lighter isotopes resulting in 
13
C and 
2
H depletion in the methane gas phase and enrichment in the dissolved phase (Sharma, et al., 2014). 
Caution has therefore been exercised in deducing methane sources from isotopic signatures. Instead 
it is considered more appropriate to relate and interpret samples based on their similarities to 
signatures of known methane sources such as those from deep exploration bores. 
 
 
Figure 6-25. “CD-diagram” for classification of bacterial and thermogenic natural gas by the 
combination of δ13CCH4 and δ
2
HCH4 information, after Whiticar (1999). Methane gas samples from 
Smith (1998) were taken in situ from within the Walloon Coal Measures at exploration bores BC1-
4 at Bungawalbin. 
. 
13
C of Dissolved Inorganic Carbon (DIC) 
The isotopes of inorganic carbon can be used to indicate a range of processes related to the 
formation and secondary reaction of methane (Sharma, et al., 2014) . Depending on prevailing 
redox conditions, bacterially mediated processes may chemically reduce dissolved CO3 and HCO3 
to form CO2, and then CH4, or alternatively, the reverse may occur by way of oxidation. In each 
case, fractionation of 
13
C occurs as bacterial processes favour the “lighter” molecules containing the 
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12
C isotope. Bacterial reduction of CO2 to methane for example, results in a methane product 
depleted in 
13
C and 
2
H, and a remaining DIC pool in which they are enriched. Similarly, where CH4 
is oxidized to CO2, 
13
C is enriched in the methane pool and depleted in DIC  (Schlegel et al., 2011) 
cited in (Duvert, et al., 2015). 
 
Where these redox conversions are dominant and no other significant sources or sinks of CH4 or 
DIC are present, the proportion of 
13
C in CH4 will be inversely related to the proportion of 
13
C in 
DIC. 
 
Results for the study area indicate that this is not the case as no clear relationship appears to exist 
between 
13
C of DIC and 
13
C of CH4 either in surface or groundwaters (refer Figure 6-26.). This 
suggests that alternative sources and or sinks of 
13
C are present. In the study area, these may 
include DIC from atmospheric CO2 as well as vertical and horizontal advection and diffusion of 
CH4, particularly along pathways provided by geological structure. 
 
 
 
Figure 6-26. δ13C  in CH4 and dissolved inorganic carbon. No relationship is evident for surface or 
groundwater indicating external sources and or sinks of DIC. 
 
6.6.3 Summary 
A challenge in groundwater studies is often to determine the hydrological connection between 
deeper and shallower aquifers, and with the surface. Interpretation of methane stable isotopes can 
be used to provide a clearer understanding of the secondary processes that may be present and how 
they may alter the original isotopic signature. Where a long migration path is suspected such as 
from the WCM to the surface or where the environment is aerobic such as in stream waters, 
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significant change to the methanogenic signature should be expected. Mixing of methane from 
multiple sources further complicates interpretation. 
 
Taking account of likely secondary processes and of the geological and hydrological setting, a 
conceptual model is proposed in which thermogenic methane from the Walloon Coal Measures 
migrates to the surface by way of diffusion and advection concentrated along hydraulically 
conductive fault planes. In the upper catchment, groundwater discharge from outcropping WCM 
creates particularly high dissolved methane in streams.  Methanogenesis also occurs within the 
alluvium and in some surface waters where bacterial fermentation produces methane with a more 
depleted isotopic signature. Mixing of methane from the two sources occurs in the alluvial aquifers 
and both sources are subject to bacterially mediated oxidation at or near the surface creating a more 
enriched isotopic signature. 
 
6.7 CONCLUSION 
Water chemistry and isotope data has provided insight into the processes occurring within the 
hydrological system. Combining these techniques has identified the influence of rainfall and 
geological interaction throughout the catchment and qualified geophysical and hydraulic data in 
relation to recharge and discharge processes. This data has also added to baseline knowledge 
concerning the chemical and isotopic character of waters in the area and the related hydrological 
processes.
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Chapter 7: Discussion 
7.1 DEVELOPING THE CONCEPTUAL MODEL 
This study highlights the value of applying a multi-disciplinary investigative approach to 
hydrological research. Where possible, all aspects of the hydrological system including its 
geomorphology, geology, hydrology and geochemistry have been considered in order to 
develop a holistic conceptual model that captures the key features of the system and its 
behaviour.   
 
Integrating findings from various disciplines requires a step-by-step approach which builds 
upon the conceptual model. In this way, each aspect of the investigation adds to the overall 
understanding and it becomes clear where various data are in agreement and where they 
conflict. Ambiguous or uncertain results can be described and alternative explanations 
offered.  
 
The final conceptual model should incorporate all of the new findings, including both 
qualitative and quantitative aspects, to create a simplified understanding of structures, 
processes and other features of the study area. This then provides a basis on which further 
research can extend and refine scientific knowledge of the system.  
 
Prior scientific work in the area, principally by Drury (1982a) has been a valuable source of 
data and has provided the starting point for building the conceptual model of the 
Bungawalbin catchment. The hydrogeological framework of this part of the Clarence-
Moreton Basin has been further developed using existing geological and geophysical data and 
incorporating the data into a three-dimensional hydrogeological model. The results of 
geophysical surveys have provided a new level of detail for the understanding of alluvial 
aquifer architecture in the upper and lower catchments, and new hydrological data has 
provided insight into the dynamics of surface waters including the Richmond River tidal 
pool. Finally, geochemistry and isotopic analysis have been added to this framework, 
providing evidence of physical and chemical processes in the hydrological system and giving 
independent support or qualification to many of the hypotheses generated by other aspects of 
the investigation. 
 
7.2 SURFACE DRAINAGE SYSTEM 
The sub-tropical climate and topographic features of the catchment favour high summer 
rainfalls, which are occasionally very intense.  This hydrological setting has resulted in the 
formation of deep valleys in the exposed sandstones and shales of the Richmond Range and 
the progressive deposition of sediments along water-courses from the upper to the lower 
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catchment. The target catchment is therefore a “basin-like” drainage system with a low-lying 
central area, and a discharge point in the north east. 
 
Steep, mountainous terrain in the upper catchment combined with often locally intense 
rainfall produces steep flood hydrographs with relatively short peaks in upper catchment 
streams. Further downstream, peak flows tend to be reduced as streams pass through swamps 
and wetlands in the middle and lower catchment. 
 
Streams in the upper catchment also carry a high bed load of coarse sands and gravels which 
are deposited across floodplains during high flows. In general, coarse sediments are deposited 
in the upper catchment with progressively finer sediments making their way to the lower 
reaches of Bungawalbin and Sandy Creeks. 
 
In the middle and lower catchments, stream channels are incised gradually deeper into the 
sediments until the tidal zone is reached. In the lower catchment where decreasing gradients 
reduce flow velocities, stream courses become increasing tortuous and meanders result in the 
formation of backswamps, oxbow lakes and cutoffs. These features indicate that the drainage 
system has migrated across the valley floor. 
 
A large fresh water tidal zone extends into Bungawalbin Creek to a point approximately 2 km 
upstream of Yellow Crossing, a distance of over 20km from its junction with the Richmond 
River. This zone also extends over 4 km along Sandy Creek. Local tidal patterns are semi-
diurnal and at Yellow Crossing where the tidal range is typically around 0.4 m, tidal flows of 
over 700 L/s were recorded. 
 
Connectivity between surface streams and alluvial groundwater consists mainly of discharge 
in the lower catchment, where baseflow of up to 8 ML/day was estimated. Recharge to the 
alluvium from stream beds and banks may also occur in the upper catchment. 
 
 
7.3 HYDROGEOLOGICAL FRAMEWORK 
7.3.1 Geology. 
The consolidated sediments of the Clarence-Moreton Basin provide the geological setting for 
this study and are highly relevant to catchment hydrogeology. Formation of the Logan Sub-
basin syncline has resulted in elevated outcrops of the post-Walloon Coal Measure sediments 
on the eastern and western edges of the Bungawalbin catchment, where both recharge and 
discharge to the drainage sytsem occur.  
 
While upwardly displaced sedimentary formations have been deeply eroded in these areas, 
the Kangaroo Creek Sandstone Member and Piora Member aquifers are preserved at depth 
near the basin’s axis. These units include large volumes of moderate porosity sandstones 
which may constitute a significant groundwater resource.  
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In elevated areas in the west, erosion of the post-Walloon formations has produced the 
sediment which forms the alluvial aquifers throughout the study area. In particular, the 
quartz-rich South Casino Gravel aquifer is derived largely from the Kangaroo Creek 
Sandstone Member and has been deposited in bedrock valleys by high-energy fluvial action. 
This has resulted in a relatively coarse-grained sediment with high hydraulic conductivity 
forming the basal layer of the alluvium, immediately above bedrock. The clays, silts and fine 
sands of the Greenridge Formation come from similar provenance but were deposited in a 
lower-energy environment to form a confining layer over much of the South Casino Gravel, 
especially in the lower catchment. 
 
Aquifers of the Clarence-Moreton Basin play a relatively minor role in the near-surface 
hydrology. Low recharge rates in western outcrop areas suggest that groundwater flux across 
the basin is slow. Even with possible higher hydraulic conductivity around fault structures, 
flow rates will largely be controlled by the limiting hydraulic properties of the aquifers, 
resulting in low rates of discharge, where it occurs. 
 
7.3.2  Faults 
Hydrologically, the Coraki Fault is the most significant structure in the study area, controlling 
the extent of the aquifers in the eastern Logan Sub-basin as well as the surface 
geomorphology of the lower Bungawalbin Creek catchment. Three-dimensional modelling of 
the fault has clarified its spatial relationship with surface features such as Bungawalbin 
Creek, the lower catchment alluvium and the Moonem Range. 
 
The tectono-stratigraphic history of the Coraki Fault includes up to five separate activations 
which have occurred over the full depth of the Logan Sub-basin and have caused a vertical 
displacement of up to 600 m across the fault. Juxtaposition of the Piora and Kangaroo Creek 
Sandstone Member aquifers in the west against the less permeable Walloon Coal Measures in 
the east has been highlighted in the 3-D model and shows that the fault is a barrier to any 
eastward groundwater flow in the Logan Sub-basin. Resultant hydrostatic pressure 
accumulating at the fault is therefore probably released by upward flow along the fault plane. 
 
Despite simplified representations in this and other studies, tectonic history indicates that the 
Coraki Fault is probably highly complex and may incorporate a flower structure in the 
Bungawalbin area. If this is correct as indicated by geophysical evidence, the influence of the 
fault on near-surface hydrology could be both widespread and diffuse, including hydrological 
interaction with the shallow alluvial groundwater over much of the lower Bungawalbin 
catchment. 
 
In support of this conceptual understanding of fault hydrogeology, there is direct evidence 
from downhole geophysical logs of upward movement of fluid at fault and fracture 
intersections. Values of hydraulic conductivity several orders of magnitude greater than the 
surrounding faulted blocks are indicated at the intersected fault plane and could be expected 
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to occur commonly throughout the fault system. In addition, drill-stem test results from the 
same bores suggest vertical and horizontal connectivity within the Walloon Coal Measures 
and between the WCM and the surface. These have been attributed to hydraulic 
communication along fault and fracture planes. Whilst these conditions cannot be 
extrapolated over the entire fault damage zone, it is reasonable to conclude that at least some 
parts of the fault are hydrologically conductive. 
 
Higher groundwater fluxes in the east suggest that much of the water discharging via the fault 
also recharges locally. 
 
7.3.3 Alluvial Architecture 
In conjunction with geological, stratigraphic and geochemical data, the transient 
electromagnetic survey has provided substantial detail regarding the architecture of the South 
Casino Gravel aquifer and shallow bedrock in the Bungawalbin catchment. This has given 
insights into recharge mechanisms and connectivity in the upper and lower catchment 
environments. 
 
Upper Catchment 
In the upper catchment, the clay and shale-dominated Rappville Member is largely “dry” in 
subcropping areas. However, in localised areas where sandstone is more prevalent in this 
unit, a low-EC, saturated sandy clay aquifer comprised of weathered material overlies the 
consolidated bedrock. The Rappville Member also hosts a saturated “fault” in the area south 
of Rappville, where there is also interaction between alluvial groundwater and saline bedrock, 
and possibly discharge from the bedrock to the alluvium. 
 
Deep palaeovalleys incise the Rappville Member to depths over 50 m in the upper catchment. 
They are mostly unconfined, contain alluvial material saturated with fresh water, and receive 
recharged from both diffuse and localised sources such as lagoons and wetlands. These 
sediments represent the western extent of the South Casino Gravel aquifer.  
 
The overlying Greenridge Formation is either thin or absent in the upper catchment, but 
evidently thickens to create confining conditions in the alluvium at Ellangowan and several 
kilometres to the east of Rappville. 
 
Lower Catchment 
In the lower catchment the TEM survey data confirms the aquifer is concentrated in broad 
bedrock depressions separated by occasional topographic highs, although some deeper 
valleys are indicated close to Bungawalbin Creek. The aquifer occasionally extends to the 
surface indicating that it is only partially confined. Elsewhere it thins markedly as a result of 
elevated bedrock or thickening of the overlying material. In areas adjacent to swamps and 
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wetlands, fresh water recharge is evident and resistive gravel-filled channels or valleys often 
incise the otherwise conductive bedrock.  
 
Numerous structures such as fractures and faults are indicated in the subcropping Rappville 
Member, resulting in zones of variable salinity and or porosity. These may be related to the 
Coraki Fault and its associated damage zone.  
 
The overlying Greenridge Formation varies in thickness, texture and water content and is 
occasionally absent. It therefore has inconsistent properties as a confining layer.  
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Figure 7-1. Hydrological conceptual model (flow diagram) . 
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7.4 HYDROLOGIC PROCESSES 
In a complex system such as the Bungawalbin Creek catchment, multiple investigation 
methods are required to detect and define hydrologic processes. Evidence from 
hydrochemistry and isotopic analysis is summarised here within the framework of the 
conceptual model to describe processes occurring within the system which included recharge 
and discharge, groundwater flow paths and relationships between various bodies of water 
(refer Figure 7-1). 
 
7.4.1 Atmospheric Processes 
The composition of local rainfall in the study area is strongly influenced by its proximity to 
the ocean. It shows a sodium-chloride water type with chloride increasing slightly with 
distance inland, coinciding with a marked decrease in SO4
2-
. Rainfall influences the chemistry 
of both surface and groundwater. 
 
The very low SO4
2-
 levels in many surface and groundwater samples probably reflect the 
composition of inland and upland rainfall. Elevated  SO4
2-
, which is most likely from coastal 
rainfall, was evident in Bungawalbin Creek in the lower catchment. 
 
The δ2H and δ18O signature of local rainfall approximates that of Brisbane, for which the 
published LMWL was adopted. However, the signature becomes increasingly depleted in 
heavy isotopes with distance inland and with increasing altitude. A depleted isotope signature 
is therefore representative of precipitation from inland and upland areas. Evaporation of 
surface water also generated signatures characteristic of the humidity regime where 
evaporation occurred and exhibited less humid characteristics with distance inland. The stable 
isotope character of surface and shallow groundwaters may be complicated by the orographic 
effects of the Moonem Range on the eastern side of the catchment. 
 
Clear evaporative trends were evident in surface water, particularly in the Myrtle Creek and 
Sandy Creek catchments where departure in slope from the Brisbane LMWL indicated 
evaporation in more arid conditions. These results were indicative of the lower annual rainfall 
conditions in the middle of the catchment and of the low flows and stagnant conditions at 
many sites at the time of sampling. 
 
In Bungawalbin Creek the isotopic signature reflected coastal rainfall and a wide variation in 
evaporation. Low evaporation was indicated where upflow from the Richmond River tidal 
pool occurred, and higher evaporation where groundwater discharge and water from shallow 
tributaries entered the waterway. 
 
Enriched stable isotope results from the shallow, unconfined alluvium near Rappville was 
indicative of evapotranspiration and suggested alluvial aquifers in the upper catchment may 
be utilized as a water source by vegetation. Alternatively, this may reflect evaporation of 
flood-waters infiltrating to the aquifer from the floodplain. 
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In the consolidated sediments δ2H and δ18O results also reflected partitioning of isotopes by 
atmospheric processes. Samples from the west of the catchment showed a depleted signature 
consistent with inland and upland rainfall, while samples from the east displayed a more 
enriched signature indicative of lowland and coastal rainfall. 
 
7.4.2 Recharge 
Groundwater recharge in the Bora Ridge area was indicated by common geochemical 
signatures between surface and groundwaters. A distinct signature with elevated SO4
2-
 and 
slightly elevated Mg
2+
 in surface water was repeated in groundwater in the same area, 
suggesting recharge to the aquifer from surface water, possibly by way of large swamps and 
wetlands nearby. 
 
Very high SO4
2-
 levels were found to occur where surface waters drained known acid sulfate 
soils, such as in the Bora Ridge area. High SO4
2-
 in the Piora Member aquifer which underlies 
ASS areas around Bora Ridge is thought to indicate recharge to the consolidated aquifer from 
the alluvium. 
 
Chloride mass balance highlighted “point source” and diffuse recharge zones. Noteworthy 
observations included high recharge in the upper catchment and a general trend of decreasing 
recharge along the alluvial aquifer flow paths. In the Bungawalbin Creek alluvium, this was 
interrupted at several points in the middle and lower catchment where localised recharge was 
occurring. Moderate to high recharge was also indicated in the consolidated sediments on the 
eastern side of the catchment. Bores in the Kangaroo Creek Sandstone Member and the 
Walloon Coal Measures showed moderate recharge (around 100 mm/yr) and the results from 
the Piora Member were the highest recorded for any aquifer (>700 mm/yr). This indicates 
high permeability and a significant rate of groundwater flux in the Piora Member in this area. 
 
In the Myrtle/Bungawalbin Creek alluvium, decreasing radon activity from the upper to the 
lower catchment is thought to be caused mainly by changes in the mineralogy of the aquifer, 
however very low values in several bores coincided with suspected “point source” recharge 
and were therefore thought to indicate local dilution.  
 
7.4.3 Discharge 
The clearest evidence of groundwater discharge was the baseflow estimate in Bungawalbin 
creek at Yellow Crossing, which indicated flow from the alluvium in the lower catchment of 
around 8 ML/day. Radon activity at the same site confirmed high groundwater discharge 
consistent with baseflow estimates and groundwater gradients.  
 
In the upper catchment, discharge from the consolidated sediments was evident from elevated 
salinity, methane and radon levels in streams. In the lower catchment, discharge of shallow 
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groundwater into creeks and artificial drains in the Kookami and Moonem swamps was also 
indicated by elevated radon levels in waterways immediately downstream. 
 
In the mid-catchment of Sandy Creek, minor elevations in Mg
2+
 together with elevated radon 
were evidence of discharge from basalt aquifers to both the surface and alluvium. 
 
7.4.4 Groundwater Flow Paths 
In the Myrtle/Bungawalbin Creek alluvial aquifer, a clear trend of falling potentiometric level 
was accompanied by decreasing redox potential over the length of the catchment, supporting 
the hypothesis of a continuous flow path throughout the alluvium.  
 
In the Sandy Creek catchment, in addition to the potentiometric trend, minor elevations in 
Mg
2+
 in surface and groundwaters in the mid-catchment, were also detected in groundwater 
from the confined alluvial aquifer in the lower catchment. This is a further indication that the 
groundwater flow path is continuous at least over the middle and lower sections of the Sandy 
Creek catchment. 
 
Upward flow from consolidated aquifers through the Coraki Fault was supported by direct 
geophysical and hydrological evidence however alluvial groundwater chemistry provided no 
decisive evidence in this regard. Nevertheless the hydrochemistry was consistent with mixing 
of small flows of deep groundwater from the C-MB aquifers with groundwater in the South 
Casino Gravel in the Bungawalbin area. Given the likely complexity and spatial range of the 
fault system, a diffuse rather than concentrated impact on groundwater chemistry would be 
expected.  
 
δ2H and δ13C – CH4 data have demonstrated similarities between the isotopic signature of 
dissolved methane in surface and alluvial groundwater in the Bungawalbin area and that of 
methane gas sampled from 100-650 m depth in the WCM from the same area. This is 
suggestive of upward migration of methane to the surface from deep sources in the Clarence-
Moreton Basin sediments. The Coraki Fault is thought to provide a conduit for this migration 
which may include methane dissolved in groundwater and or gaseous methane.  
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Figure 7-2. Conceptual model of the Bungawalbin Creek catchment  
(vertical exaggeration is approximately 50x). 
 
7.4.5 Integration of Hydrologic and Geochemical Processes 
The overall conceptual model that is developed here is one where interconnection of 
consolidated aquifers, alluvial aquifers and surface waters is widespread, and often occurs 
through multiple pathways, resulting in mixing and interaction of different water sources. 
Figure 7-1 summarizes the main elements of the conceptual model and illustrates the 
connectivity between each element.  
 
In the Bungawalbin and Sandy Creek catchments, the alluvial aquifer is the central element 
of the near-surface hydrologic system, with connections to all other elements. Recharge to the 
alluvium occurs mainly through exposed coarse sediments in the upper catchment. “Point 
source” recharge from swamps and lagoons is also common, producing dilution of radon and 
dissolved salts in localised areas. This recharge mechanism is a feature of the lower 
catchment where these water bodies are common but was also observed in the upper 
catchment and is believed to contribute significantly to the total groundwater volume.  
 
The South Casino Gravel aquifer acts as a groundwater conduit, conducting water under 
unconfined and then confined conditions, several tens of kilometres from the foothills of the 
Richmond Range to the lower catchment. Flows are concentrated in palaeovalleys and are 
mostly isolated from the surface drainage network due to their depth and the overlying low-
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permeability Greenridge Formation. Increasing salinity and decreasing redox potential are 
evident along the flow paths. 
 
The alluvial aquifer also functions as a reservoir for streams in the lower catchment and the 
fresh water tidal pool. Discharge occurs where the potentiometric surface of the aquifer is 
above that of the stream and a hydraulic pathway is present. This is most likely where 
streams are well below the level of the surrounding alluvium. The substantial baseflow from 
the alluvium, effectively “regulates” stream flows and reduces seasonal variation, providing 
discharge throughout extended dry periods. It is highly likely that baseflow from the alluvium 
sustains aquatic and riparian ecological communities in and around the lower catchment 
streams during these times; this process has a role in limiting the upstream movement of the 
salt water interface in the Richmond River during dry periods. Given the economic water use 
and high environmental values of the lower catchment, these functions are considered 
especially important.  
 
Groundwater flow to the alluvium also occurs from the underlying consolidated sediments 
though at a much lower rate than from other sources. Diffuse flows from the bedrock are 
likely but flows via faults predominate. 
 
Recharge and flows in the consolidated sediments throughout most of the basin are slow and 
water is moderately saline. To the east of the Coraki Fault however, groundwater in the 
Kangaroo Creek Sandstone Member and Piora Member recharges more rapidly and salinity is 
low. 
 
In the upper catchment where the aquifer is shallow and unconfined, it is probably utilized by 
deep-rooted vegetation including riparian forests and woodlands. This process, possibly in 
combination with water-rock interaction, increases salinity along the flow path. The extent of 
its use and the nature of these vegetation communities have not been determined.  Due to its 
greater depth and the existence of a confining layer in the lower catchment, in most instances 
the South Casino Gravel aquifer is neither directly accessible to surface vegetation, nor 
discharges to surface water bodies other than major streams.  
 
The Greenridge Formation may also contain localised seasonal or permanent perched water 
tables which could support groundwater dependent ecosystems in some places. These may 
include some lagoons and swamps of the Bungawalbin Wetland Cluster. 
 
High dissolved methane levels (>1000 ug/L) in surface water in samples from the upper 
catchment may also be at least partially related to methane migration from deep sources but 
are also considered likely to have a near-surface biogenic source. The isotopic signatures 
from these samples are very similar but do not clearly indicate a single methanogenic 
process. 
 
The hydrological system is illustrated schematically in Figure 7-2 and Figure 7-3. 
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Methane from the Walloon Coal Measures migrates to the surface by way of diffusion and 
advection concentrated along hydraulically conductive fault planes (refer Figure 7-3). In the 
upper catchment, groundwater discharge from outcropping WCM contributes to particularly 
high dissolved methane in streams. Methanogenesis also occurs within the alluvium and in 
some surface waters where bacterial fermentation produces methane with a more depleted 
isotopic signature. Mixing of methane from the two sources occurs in the alluvial aquifers 
and streams, and both sources are subject to bacterially mediated oxidation at or near the 
surface, creating a more enriched isotopic signature.  
 
 
 
 
Figure 7-3. Conceptual model of Coraki Fault hydrogeology showing flow paths in 
consolidated and alluvial aquifers (vertical exaggeration approximately 50x). 
 
7.5 CONCLUSION 
The catchment of Bungawalbin Creek possesses a complex hydrological system with 
numerous interrelated elements and processes, which have been investigated using a variety 
of techniques. Data from different geoscientific disciplines including hydrology, 
hydrogeochemistry, isotopic studies and geophysics  has been integrated in order to draw 
conclusions concerning hydrological processes in the catchment. The resulting conceptual 
model highlights groundwater recharge, discharge and flow paths in deep consolidated and 
shallow alluvial aquifers, as well as interactions with surface water and with high-value 
ecological systems.
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Chapter 8: Conclusions 
8.1 INTRODUCTION 
This study has contributed to the understanding of surface and groundwater hydrology in the 
study area. It has built upon the scientific work of Drury (1982a), Brodie (2007) and others, 
to further hydrological knowledge in the greater Richmond River catchment. The outcomes 
of the study have implications for both economic and ecological values, in particular for 
water resources, and may inform development of more comprehensive policy for their 
management. 
8.2 EVALUATION OF THE CONCEPTUAL MODEL 
Development of the hydrological conceptual model of surface and groundwaters has brought 
together the key learnings and insights gained from the investigation phase of the study. It 
represents a succinct summary of the study’s findings, providing a holistic view of the 
system. The model also highlights aspects of the system which are not fully understood and 
offers a framework within which further research can be designed. 
 
The conceptual model enables simplification what is a highly complex hydrological system 
incorporating climatic, geological, hydrochemical, hydraulic and ecological elements. This 
simplification is particularly evident regarding the interaction between consolidated aquifers 
and the alluvium, which is influenced by bedrock type and complex geological structure, and 
is expected to vary significantly across the catchment. The conceptual model captures the key 
hydrological processed identified by the investigation. Importantly, the central role of the 
alluvium and its connectivity throughout the system is addressed. 
 
This model, however, does not quantify processes such as evapotranspiration from the 
alluvium, discharge from consolidated sediments, or “point source” recharge. Also, assessing 
the proportion of groundwater in the tidal pool over a range of hydrological conditions is still 
required to provide an understanding of the overall importance of the groundwater system to 
this significant ecological and economic resource. 
 
8.3 OUTCOMES OF THE STUDY 
A number of key components of the hydrology of the area were clarified as follows: 
 
Clarence-Moreton Basin Aquifers. 
 The most significant aquifers in the Logan Sub-basin of the Clarence-Moreton Basin 
are the Kangaroo Creek Sandstone Member (Orara Formation) and the Piora Member 
(Grafton Formation), which thicken toward the centre of the sub-basin. Salinity is low 
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in the east, due mainly to more rapid local recharge. Salinity in the Piora Member is 
highest in the west and centre of the sub-basin.  
 
 The Walloon Coal Measures behave as an aquitard and contain generally poorer 
quality water, although variability is evident in the east. The WCM discharge to 
streams in the west, causing increased salinity and carrying relatively large 
concentrations of methane. 
 
 Some discharge from the C-MB aquifers may occur to the surface and into the 
alluvium in the east of the Bungawalbin catchment.  
 
 Interbedded sandstones and their weathered detritus in the predominantly clay and 
shale Rappville Member form localised, usually shallow aquifers containing water of 
variable quality. 
 
Geological Faults 
 
 The Coraki Fault in the east is a significant control on groundwater flow throughout 
the basin. The combination of dextral strike-slip movement and vertical displacement 
of the fault have resulted in a flower structure in the Bungawalbin area, which is 
likely to be complex and broadly distributed both laterally and vertically. 
 
 Juxtaposition of aquifers and aquitards across the fault suggest that it forms a barrier 
to eastward-flowing groundwater 
 
 Directly-measured geophysical and hydraulic properties from within the fault zone 
indicate that slow, upward fluid flow is occurring along the fault. 
 
 Flow from the fault is modest and is diffused throughout the lower catchment by the 
fault fracture network. Discharge mainly occurs into the alluvial aquifer and 
subsequently into surface waters. 
 
 
 
Alluvial Aquifer – South Casino Gravel 
 
 The South Casino Gravel aquifer extends from the valleys and foothills of the 
Richmond Range where it is exposed at the surface, to the lower catchment where it is 
confined by up to 35 m of marine sediment. Throughout most of the study area, the 
aquifer is confined by the Greenridge Formation which varies in thickness from 
approximately 0 – 15 m. 
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 Most recharge to the alluvium occurs in the upper catchment where the aquifer is 
unconfined and widely exposed. In this area recharge occurs by infiltration from the 
surface and probably along the numerous sandy stream channels.  
 
 Smaller but significant recharge occurs at localised “point sources” including lagoons 
and swamps, where surface water has sufficient potentiometric head to flow 
downward, into the otherwise confined aquifer. This process is typically facilitated by 
localised thinning or absence of the confining layer and, depending on the properties 
of the surface water, may have a significant influence on groundwater chemistry.   
 
 The South Casino Gravel discharges to the streams of the lower Myrtle/Bungawalbin 
Creek catchment. This occurs where the stream channels are incised into the 
confining layer and where the potentiometric surface of the aquifer is above the level 
of the surface water.  
 
 Total groundwater discharge to upper Bungawalbin Creek in late November 2014 was 
estimated at 8.4 ML/day.  
 
 Discharge from the South Casino Gravel to Sandy Creek does not appear to be 
significant however minor discharge from shallow perched aquifers, mainly to 
artificial drains, occurs in the lower catchment. 
 
 Hydraulically, the South Casino Gravel acts as a groundwater conduit throughout 
almost the entire length of the catchment. 
 
 The chemistry of the alluvial groundwater is influenced to some degree by interaction 
with the underlying consolidated sediments as shown by their similar major ion and 
stable isotope compositions. Discharge from the bedrock to the alluvium is diffuse but 
is concentrated along fault structures such as the Coraki Fault.  
 
 Discharge from basalt aquifers and from acid sulfate soils to the Sandy Creek 
alluvium is small in magnitude and has only a minor influence on groundwater 
chemistry. 
 
8.4 EVALUATION OF METHODS 
 
 The estimation method for net stream flow in a tidal stream is approximate only but 
yielded reasonable results. More sophisticated instrumentation could provide a more 
precise value. 
 
 Major ion chemistry yielded important conclusions, however the complexity of 
hydrological processes and interactions between various waters within the catchment 
made interpretation of some results challenging.  
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 Stable isotope δ2H and δ18O results were useful in distinguishing water sources and 
identifying hydrological processes, especially evaporation. The influence of local 
topography on atmospheric processes complicated interpretation. 
 
 δ2H and δ18O – CH4 isotopic signatures gave significant insight into aquifer 
connectivity and methanogenesis. The results highlighted the need for knowledge of 
secondary processes and of the hydrogeological framework. 
 
 Field-based 222Rn measurements were useful for confirming the magnitude of 
groundwater discharge and for indicating where localised recharge may be occurring 
in the alluvium. High standard deviations in measurement results however, limited 
their usefulness in quantifying groundwater flows. 
 
 TEM proved very valuable to the study due to its rapid data acquisition, relatively 
high imaging resolution and easily visualized data format. The alluvial aquifer, 
confining layer and bedrock features were all distinguishable in the data. 
 
8.5 PRACTICAL IMPLICATIONS OF THE STUDY 
Groundwater Management 
Significantly, water recharging to the alluvial aquifer in the upper Myrtle Creek catchment 
flows 30-40 km, mostly under confined conditions, before discharging to surface waters in 
the lower catchment. This groundwater discharge plays an important role in sustaining 
environmental and economic values.  
 
Along the flow path, groundwater may be extracted for economic use and or supplemented 
by “point source” recharge. The rate and seasonal duration of groundwater discharge may be 
reduced by extraction from the alluvial aquifer, which occurs mostly in the middle and lower 
parts of the Myrtle/Bungawalbin Creek system.  At the time of this study, groundwater use 
was negligible, nevertheless during extended dry periods it is almost certain to increase (as it 
has in the past) to meet demand for irrigation. This extraction, which would coincide with 
low recharge to the aquifer and would occur when riverine ecosystems are most likely to be 
stressed (WBM Oceanics Australia, 2006). Management of groundwater extraction should 
therefore take into account the succession of groundwater recharge, flow and discharge 
processes and the environmental values sustained by them. 
 
Groundwater chemistry will be influenced by surface water quality in recharge areas in the 
upper catchment, but also by recharge from lagoons and swamps along the length of the 
aquifer. These local recharge sources may be affected by land use, particularly vegetation 
clearing and runoff of soluble fertilizers and pesticides. The consequence of this may be 
contamination of the aquifer with subsequent impacts on discharge areas which, depending 
on groundwater flows may not eventuate for some decades. 
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The Fresh Water Tidal Pool 
The tidal pool which extends for much of the length of Bungawalbin Creek and into lower 
Sandy Creek, undergoes semi-diurnal tidal fluctuations of up to about 0.4 m. The water in the 
tidal pool is typically fresh and is used for irrigation and for stock and domestic purposes. 
The tidal pool also sustains fresh water ecosystems with high conservation value, which may 
be affected by the ingress of more saline water from further downstream during extended dry 
periods (Peirson, 2001). During these times, baseflow discharging to Bungawalbin Creek 
from the alluvium provides a “buffer” which assists in preventing the upstream movement of 
the salt-water interface into the Bungawalbin system. For this reason, management of the 
South Casino Gravel aquifer should consider the impacts of groundwater extraction on water 
quality in the tidal pool, and their possible economic and ecological consequences. 
 
Groundwater Dependent Ecosystems (GDE’s) 
GDE’s occur in the upper catchment where forest and woodland ecosystems utilize shallow 
groundwater, and in riverine communities along Bungawalbin Creek, where groundwater 
discharge helps to support littoral and aquatic flora and fauna. Most wetlands and swamps in 
the “Bungawalbin Wetland Cluster” are not hydraulically connected to the South Casino 
Gravel but some may be associated with perched aquifers in the Greenridge Formation. 
 
8.6 DIRECTIONS FOR FUTURE RESEARCH 
The current study has brought together data and concepts from a wide range of sources. 
These have been combined with newly acquired hydrological, geophysical, geochemical and 
isotope data to develop the first reported conceptual hydrological model of the combined 
Bungawalbin and Sandy Creek catchments. 
 
Specific aspects of this study requiring more complete research include the mechanisms 
surrounding “point source” recharge and its associated geochemistry, the extent of 
groundwater utilization by GDE’s in the upper and lower catchment, and the rate and spatial 
extent of groundwater discharge from the consolidated aquifers, particularly by way of the 
Coraki Fault. 
 
Having developed a conceptual hydrological model, a logical next phase for study in the area 
may be to develop a numerical model of the South Casino Gravel aquifer system. This would 
require more quantitative data on recharge and discharge and would benefit from a more 
thorough investigation and three-dimensional modelling of the alluvium. A calibrated model 
of the groundwater system could provide useful input to extend existing modelling work on 
the fresh water tidal pool (Peirson, 2001). 
 
Many of the investigation techniques used in this study could be useful in this ongoing work. 
Further investigation of alluvial architecture would be greatly assisted by the use of the TEM 
geophysical technique which has proven to be effective in this environment, where access is 
available. Well-established hydraulic, geochemical and isotopic methods will also continue to 
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have a role in future investigation of the area. In particular age-dating of groundwater by 
tritium analysis will assist in clarifying flow velocities and recharge areas for the alluvial 
aquifer. 
 
Greater understanding of the hydrology and hydrogeology of the Bungawalbin catchment 
will produce a variety of benefits which may include a more complete understanding of the 
interaction of high-value ecosystems with groundwater, and improved management of the 
South Casino Gravel aquifer and the fresh water tidal pool. 
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APPENDICES 
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Appendix 1. Baseflow Estimation 
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Rationale 
Consider a single reach of the stream where the level is measured. 
The rate of rise of the water level (slope of the hydrograph) Δh/Δt(1) is equal to  
(Qu + Qi + Qgw) / A (m/hr) 
And the rate of fall of the water level Δh/Δt(2) is equal to  
(Qd - Qi - Qgw) / A (m/hr) 
Where: Qd = rate of outflow (falling tide) (m
3
/hr)  
Qu = rate of inflow (rising tide) (m
3
/hr)  
Qi = rate of inflow from upstream (m
3
/hr) 
Qgw = rate of inflow from groundwater (baseflow) (m
3
/hr) 
A = surface area of stream reach (m
2
) 
Assuming that measurements have been made when there is no surface runoff and Qi = 0, 
then on a rising tide: 
Δh/Δt(1) = (Qu + Qgw) / A (m/hr) 
But on a falling tide, 
Δh/Δt(2) = (Qd - Qgw) / A (m/hr) 
If Δh/Δt(1) and Δh/Δt(2) are both known, and Δh/Δt(1) - Δh/Δt(2) = D,  
Assumung Qu = Qd, then:  
D = (Qu + Qgw) / A - (Qd - Qgw) / A 
    = (Qu + Qgw - Qd + Qgw ) /A 
    = 2 Qgw / A 
Qgw = DA / 2 
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Hydrograph Data 
 
 
1. Identify tidal cycle where beginning and end levels are approximately equal 
2. Identify times of stage maximum and minima  
3. Select midpoint in time between maximum and minima 
4. Determine slope of hydrograph (rate of rise/fall) at midpoints (m/hr)  
5. Multiply rate of rise/fall by surface area of stream reach (78,000m2) to obtain flows (m3/hr) 
6. Obtain difference between inflow and outflow rates and divide by 2. This is the estimated net stream flow (m3/hr) 
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Flow Calculations 
 
 
For the above Example 1, 
D = 0.054 – 0.047 =0.007 (slopes determined graphically from hydrograph) 
A = 78,000 m
2
 (area measured from Google Earth™) 
Qgw = DA / 2 
        =0.007 x 78,000 / 2 
        = 273 m
3
/hr 
        = 6.5 ML/day 
 
For Example 2, 
D = 0.047 – 0.038 =0.009 (slopes determined graphically from hydrograph) 
A = 78,000 m
2
 (area measured from Google Earth™) 
Qgw = DA / 2 
        =0.000 x 78,000 / 2 
        = 351 m
3
/hr 
        = 8.4ML/day 
 
For Example 3, 
D = 0.054 – 0.043 =0.011 (slopes determined graphically from hydrograph) 
A = 78,000 m
2
 (area measured from Google Earth™) 
Qgw = DA / 2 
        =0.000 x 78,000 / 2 
        = 429 m
3
/hr 
        = 10.3ML/day 
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Appendix 2. Laboratory Methods 
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Laboratory Methods 
 
Australian Laboratory Services - Brisbane 
Analyte grouping/Analyte CAS Number Units LOR 
    ED037P: Alkalinity by PC Titrator 
   Hydroxide Alkalinity as CaCO3 DMO-210-001 mg/L 1 
Carbonate Alkalinity as CaCO3 3812-32-6 mg/L 1 
Bicarbonate Alkalinity as CaCO3 71-52-3 mg/L 1 
Total Alkalinity as CaCO3 
 
mg/L 1 
    ED041G: Sulfate (Turbidimetric) as SO4 2- by DA 
   Sulfate as SO4 - Turbidimetric 14808-79-8 mg/L 1 
    ED045G: Chloride by Discrete Analyser 
   Chloride 16887-00-6 mg/L 1 
    ED093F: Dissolved Major Cations 
   Calcium 7440-70-2 mg/L 1 
Magnesium 7439-95-4 mg/L 1 
Sodium 7440-23-5 mg/L 1 
Potassium 7440-09-7 mg/L 1 
    EK055G: Ammonia as N by Discrete Analyser 
   Ammonia as N 7664-41-7 mg/L 0.01 
    EK057G:  Nitrite as N by Discrete Analyser 
   Nitrite as N 
 
mg/L 0.01 
    EK058G:  Nitrate as N by Discrete Analyser 
   Nitrate as N 14797-55-8 mg/L 0.01 
    EK059G:  Nitrite plus Nitrate as N (NOx)  by Discrete 
Analyser 
   Nitrite + Nitrate as N 
 
mg/L 0.01 
    EK061G: Total Kjeldahl Nitrogen By Discrete Analyser 
   Total Kjeldahl Nitrogen as N 
 
mg/L 0.1 
    EK062G: Total Nitrogen as N (TKN + NOx) by Discrete 
Analyser 
   Total Nitrogen as N 
 
mg/L 0.1 
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    EK067G: Total Phosphorus as P by Discrete Analyser 
   Total Phosphorus as P 
 
mg/L 0.01 
    EK071G: Reactive Phosphorus as P by discrete analyser 
   Reactive Phosphorus as P 14265-44-2 mg/L 0.01 
    EN055: Ionic Balance 
   Total Anions 
 
meq/L 0.01 
Total Cations 
 
meq/L 0.01 
Ionic Balance 
 
% 0.01 
    EP033: C1 - C4 Hydrocarbon Gases 
   Methane 74-82-8 µg/L 10 
Ethene 74-85-1 µg/L 10 
Ethane 74-84-0 µg/L 10 
Propene 115-07-1 µg/L 10 
Propane 74-98-6 µg/L 10 
Butene 25167-67-3 µg/L 10 
Butane 106-97-8 µg/L 10 
    
    EP080/071: Total Petroleum Hydrocarbons 
   C6 - C9 Fraction 
 
µg/L 20 
C10 - C14 Fraction 
 
µg/L 50 
C15 - C28 Fraction 
 
µg/L 100 
C29 - C36 Fraction 
 
µg/L 50 
C10 - C36 Fraction (sum) 
 
µg/L 50 
    EP080/071: Total Recoverable Hydrocarbons - NEPM 2013 
Fractions 
   C6 - C10 Fraction C6_C10 µg/L 20 
C6 - C10 Fraction  minus BTEX (F1) C6_C10-BTEX µg/L 20 
>C10 - C16 Fraction >C10_C16 µg/L 100 
>C16 - C34 Fraction 
 
µg/L 100 
>C34 - C40 Fraction 
 
µg/L 100 
>C10 - C40 Fraction (sum) 
 
µg/L 100 
>C10 - C16 Fraction minus Naphthalene (F2) 
 
µg/L 100 
   
8.6.1  
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CARF Laboratory – QUT, Brisbane 
   Precision 
δ
2
H and δ
18
O – H2O – Laser water isotope analyser (Los 
Gatos Research) 
   δ2H Permil 2.0 
δ
18
O  permil 0.3 
    
University of California – Davis. Stable Isotope Facility 
 
   Quantitation 
δ
2
H and δ
13
C – CH4  - Isotope ratio mass spectrometer 
(Thermoscientific Delta V Plus) 
   δ2H  permil 2.0 nanomoles 
δ
13
C 
 permil 0.8 nanomoles 
δ
13
C – DIC  - Trace Gas – IRMS  
(Thermoscientific Delta V Plus) 
   
δ
13
C  permil 150 nanomoles 
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Appendix 3. TEM Processing and Workflow 
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General Processing Sequence (Allen, 2014b) 
 
Define System Geometry 
– 
1. Quality control and data parsing during acquisition  
1. At the beginning of each day, select a reference sounding and plot it along with all incoming data. 
2. Watch all incoming data constantly making comparison with the reference sounding. 
3. Cancel acquisition or note problems as noise sources, metal artefacts, or equipment malfunctions are encountered. Alter course 
across ground to both more clearly define noise and artefacts and to subsequently avoid them. 
4. Each night, convert BIN file into TEM and TXT files and back them up. 
5. Each night, display selected channels of the data in plan view to appraise layout of geological features and any present 
geophysical artefacts. 
2. Acquire system response from data obtained (stacked then averaged) in a very resistive area. If  a very resistive area is not available then  
a larger hand laid loop is laid, ideally at the most resistive  low horizontal gradient location in the survey area, a sounding taken 
(generally in slingram mode to avoid in-loop enhanced effects such as system response itself, induced polarization and super-para-
magnetic effect. Then data from that loop is inverted to give a modelled response which is then used to calculate the equivalent response 
for the cart configuration. That response is then subtracted from the actual measured cart response at that site to give approximate system 
response of the cart. 
3. Determine EM1DInv inversion software initial model, constrains and control parameters. 
4. – 
5. Operations performed on TEM files 
1. Basetrend removal (optional – only possible on moderately to highly resistive areas). This removes movement noise from the 
receiver coil moving through the magnetic field of the earth  slowly. Some large mat receiver loops  and other structures that do 
not vibrate do not create much movement noise. Basetrend removal is conducted by using a timebase  of acquisition much longer 
than necessary so as to sample basetrend during acquisition by regression analysis of the part of the stacked records beyond where 
the decays drop well into the noise envelope. 
2. Adjust magnitude according to primary field response (optional). This  is not appropriate and not done with nulled coils but is 
useful when using slingram coils. 
3. Reject records with low or high primary field response as they are clearly suffering from equipment malfunction (eg. Receiver 
loop blown over by wind) (optional). This may be conducted automatically or manually by visualizing a primary field channel on 
a map display and culling all soundings showing anomalous primary field. 
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6. Convert TEM file into a relational voltage database (*Volt.DBF, *XVolt.DBF,*YVolt.DBF) 
7. Normalize data using average magnitude of log10(data) from a small receiver placed directly on the transmitter loop wires (*YVolt.DBF) 
(This is optional as the data is already normalized according to current monitored (every 10 soundings in 2014 version of TerraTEM 
firmware)). 
8. Remove system response, optionally taking magnitude of transmitted data (proportional to *YVolts.DBF) into account for every 
sounding  - again this option is not appropriate for nulled coils. 
9. – 
10. Display voltage data, in map view, coloured to represent magnitude of a particular channel. Simultaneously view decay plots of picked 
soundings, along with a reference sounding. 
1. Interactively remove geophysical artefacts by clicking on points or data segments. 
2. Display automatically updates - repeat a. 
3. Repeat a,b. until satisfied that data is suitably cleaned. 
Interactively clip channel count on soundings with procedure as for a., b. and c. 
 
1. Smooth voltage data horizontally. Trapezoidal filtering is ideal (optional). Note well that this step is conducted after removal of artefacts 
which would have spread their mess throughout the data if smoothed. 
2. Calculate noise levels from sounding tails and specify ready for inversion. Should telecom cable or powerline noise be encountered, then 
this step will lead to recovery of shallow information without unduly corrupting deeper information! 
3. Determine valid time range for inversion input from each sounding using noise levels specified in step 14. 
4. Create EM1DInv inversion input files. 
5. Run EM1DInv on each sounding, conjunctively inverting both in-loop and out-of-loop data (if obtained). This is scheduled using batch 
files and runs overnight, or even over several days or weeks. 
6. Run EM1DInv again with lateral constraint (optional – also time consuming). 
7. Read inversion output files to create relational *Ohmm.dbf files. 
8. View *Ohmm.dbf files in plan view. 
1. Colour proportional to curve fitting RMS error and view to determine an appropriate cut-off RMS threshold. Exercise caution in 
determining the threshold as data in resistive areas will still be valid at much higher threshold than in conductive areas. 
2. Reject soundings with RMS error greater than the threshold level determined in a.. 
3.  Colour proportional to resistivity of successively deeper layers. Interactively remove or depth-limit soundings containing 
artefacts by clicking on points or data segments. 
9. View *Ohmm.dbf in 3D – check data more, switching back and forth to 2D view to remove further artefacts. 
10. Horizontally smooth the *Ohmm.dbf file to clean up erratic variation in inverted data. 
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11. Horizontally shift *Ohmm.dbf files to account for GPS antenna offset. 
12. – 
13. Divide day *Ohmm.dbf files into logical segments (where appropriate) and recombine into *Ohmm.dbf files covering logical geographic 
extents. 
14. Calculate resistivity distribution histograms and combine to make a master histogram for the area. 
15. – 
16. Re-load regional *Ohmm.dbf files and colour with master histogram equalization (quantization). 
17. Query state bore databases and generate a subset of bore data for the area. 
18. Interpret the drillers logs into lithological categories. 
19. View bore log graphics with the resistivity data for each region. 
20. Create graphics of histograms and lithological keys for posting externally. 
21. Pack regional *ohm.dbf files and augment with shapefile indexes, projection files etc. 
22. Create 3D polygon KML and shapefiles for each region (both resistivity and lithological files). 
23. Slice each regional resistivity file into depths and output as *.csv with columns of logarithmically transformed resistivity for external 
gridding in packages such as Golden Software Surfer 12. 
24. Create any other appropriate theme datasets (eg. Depth to maximum resistivity) and 3D graphics (eg. Voxler). 
25. Grid and display depth slices, stacked if required in 3D space (Surfer). 
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Job-specific Processing (Allen, 2014b) 
• This job used a small AgTEM cart with loop dimensions displayed in the controlled release document SoilImagerJustTheLoops.png. 
They are approximately Tx loop area of 40 square metres (within 2 turns of approximately 10 square metres each except that one turn is 
tucked in 1.1 metres over the transmitter loop) and elevation of 1.5m. Its receiver loop is 1.1 x undisclosed metres x 10 turns and is 
placed with its front undisclosed metres in front of the transmitter loop and in a plane 0.6m below it and 0.9 metres above the ground. 
The transmitter loop is suspended so as to be 5 metres wide. Timebase was 12.5Hz. Turnoff around 6.5 uS. Current around 16.5 Amps. 
Damping of transmitter and reciever loops both 330 ohms. Receiver coil turn spacing of 0.1 inches between turns in a ribbon cable. 
PreAmp 34x with 60 KHz low pass filter. 
• Processing was completed after removing a system response measured at a very resistive site on the previous job. Some connectors and 
cables were replaced after that job making applicability of this system response measure non-ideal and this has introduced systematic 
error into the inversions which were conducted using this response in order to output them in a timely manner. There is a ripple in the 
response of unknown cause isolated to the receiver loop and connecting cables and this is observed to be unchanged and removed by 
system response subtraction. There is also a negative early time component of the system response subtracted which is thought to have 
changed slightly with change of connectors. As none of the job is on resistive ground it is not thought that the system response removal is 
a big problem. The following slide presents a 12 x 12m slingram sounding conducted on this job which could have been used as an 
alternative for system response removal. It is thought that the large discrepancy in response is a result more of approximations in system 
response description in the inversion rather than of system response. System response subtracted is listed in the *.INI files for each 
dataset. 
• Inversion parameters are listed in the EM1DInv files for each sounding. Of note, a minimum resistivity, for modelling, of 0.5 ohm.m was 
set and this was too high for the Lake Robe dataset which has resulted in near surface conductors being modelled thicker than they 
actually are. Ramp was modeled linearly and turn on was modelled as a step. A 12 layer roughness constrained model, with layers of 
thickness starting at 0.5 metres and expanding to reach a depth of 130 metres above a half space is used to seed EM1DInv.  
• Depth of investigation has been limited by allowing layers with resistivities picked with covariance only less than 0.6. This value being 
picked using visual assessment of detection of known geological features.  
• Both Voltage and Ohm.m datafiles have been horizontally filtered using 5 point and 7 point filters, being visually assessed to check 
appropriateness. Details are stored in the *.INI files for the datasets. This is important for revealing deeper features. 
• No lateral constraint inversion was carried out. 
• KML 3D vertical ribbons for this job display with correct shading only when viewed from the south due to recent changes in Google 
Earth rendering code. A fix for this is formulated but will take time to implement. 3D shapefiles provided will be unaffected by this new 
limitation. 
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Appendix 4. Stratigraphic “Picks” 
from Exploration Bores 
 
 
  
175 
 
 
 FORMATION TOPS 
Well Greenridge 
Fm 
S.Casino 
Gravel 
Rappville 
Mbr 
Piora Mbr Bungawalbin Fm Kangaroo Ck 
SS 
 Maclean 
SS 
Upper Walloon 
Coal Measures 
Mid- Walloon 
Coal Measures 
Lower Walloon 
Coal Measures 
Koukandowie 
Formation 
  Depth m Depth 
m 
Depth m Depth m Depth m Depth m Depth m Depth m Depth m Depth m Depth m 
Rappville 1 DESPL   0 
From 
surface 
geology 
mapping 
(Author, 
2012) 
106.0 
Lith. Log. 
Change from 
siltstone to 
predominantl
y sandstone. 
(Ties et al., 
1985) 
377.3 
Picked off sonic-
GR 
(Davidson, 2015) 
466.3 
Pick 
1530ftKB 
base 
Bungawalbin 
from the 
sonic-GR log 
(Davidson, 
2015) 
552.6 
This 
depth was 
picked in 
the WCR 
as the top 
of the first 
significant 
coal on 
the sonic,  
Davidson 
picks the 
top 
MacLean 
from that 
log at 
1813ft or 
552.61m
KB 
(Davidson
, 2015) 
682.0 
From Graphic log 
in WCR - 
Geologist Pick 
(Ties, et al., 1985) 
  1050.9 
From Graphic 
log in WCR - 
Geologist 
Pick 
(Ties, et al., 
1985) 
Tullymorgan 1    0 
From surface 
geology 
mapping 
(Author, 
2012) 
115.8 
Based mainly on 
microlog 
(Davidson, 2015) 
146.3 
Based mainly 
on microlog 
(Davidson, 
2015) 
310.9 
Based 
mainly on 
microlog 
(Davidson
, 2015)  
369.3  
From graphic log 
in WCR. 
Geologist 
Pick(Pacific 
Power, 2001) 
  677.3 
Based mainly 
on microlog 
(Davidson, 
2015) 
BUNGAWALBIN_C
REEK-1 (Upthrown) 
  0 
From 
surface 
geology 
mapping 
(Author, 
2012) 
0.8 
From 
Lithology 
logs. (Smith, 
1998) 
Siltstone and 
shale/coal 
less frequent 
18 
From Lithology 
logs. (Smith, 
1998) 
36 
From 
Lithology 
logs. (Smith, 
1998) 
105.00 
(Davidson
, 2015) 
158.30 
WCR290 - 
geologist pick 
Base of Fault 
zone (Smith, 
1998) 
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Well Greenridge 
Fm 
S.Casino 
Gravel 
Rappville 
Mbr 
Piora Mbr Bungawalbin Fm Kangaroo Ck 
SS 
 Maclean 
SS 
Upper Walloon 
Coal Measures 
Mid- Walloon 
Coal Measures 
Lower Walloon 
Coal Measures 
Koukandowie 
Formation 
BUNGAWALBIN_C
REEK-1 
(Downthrown) 
      0.00 
WCR290 
- 
geologist 
pick 
Base of 
Fault zone 
(Smith, 
1998) 
58.10 
From WCR290 - 
geologist pick 
(depth below 
fault) 
318.60 
Base of fault 
zone. From 
WCR290 - 
geologist pick 
(depth below 
fault) 
393.55 
From 
WCR290 - 
geologist pick 
(depth below 
fault) 
431.97 
From 
WCR290 - 
geologist pick 
(depth below 
fault) 
BUNGAWALBIN_C
REEK-2 
  0 
From 
surface 
geology 
mapping 
(Author, 
2012) 
280 
(Davidson, 
2015) 
(Doig, 2012) 
516.0 
(Davidson, 2015) 
(Doig, 2012) 
583.0 
(Davidson, 
2015) 
(Doig, 2012) 
745.0 
(Davidson
, 2015) 
(Doig, 
2012) 
816.82 
WCR Borehole 
logs. Geologist 
pick 
(Smith, 1998) 
   
BUNGAWALBIN_C
REEK_3 
0 
WCR BH 
Logs 
(Smith, 
1998) 
    4.0 
From WCR 
290. Geologist 
pick 
(Smith, 1998) 
34.0 
From 
WCR 
290. 
Geologist 
pick 
(Smith, 
1998) 
95.00 
From WCR 290. 
Geologist pick 
(Smith, 1998) 
335.00 
From WCR 
290. 
Geologist 
pick 
(Smith, 1998) 
403.00 
From WCR 
290. 
Geologist 
pick 
(Smith, 1998) 
451.00 
From WCR 
290. 
Geologist 
pick 
(Smith, 1998) 
BUNGAWALBIN_C
REEK_4 
0 
WCR BH 
Logs 
(Smith, 
1998) 
2 
WCR 
BH 
Logs 
(Smith, 
1998) 
 22  
From surface 
geology 
mapping 
(Author, 
2012) 
 
 70.0 
From 
WRC290 
Bore logs 
(Smith, 1998) 
115.3 
From 
WRC290 
Bore logs 
(Smith, 
1998) 
205.72 
From WRC290 
Bore logs 
(Smith, 1998) 
407.50 
From 
WRC290 
Bore logs 
(Smith, 1998) 
481.60 
From 
WRC290 
Bore logs 
(Smith, 1998) 
 
527 
From 
WRC290 
Bore logs 
(Smith, 1998) 
RIFLEBIRD-E06 0-8m 
Undiff soil. 
8-33m 
Basalt  
WCR 
Graphic 
Logs. 
Geologist 
Pick 
(Johnson et 
al., 2008) 
 33 
WCR 
Graphic 
Logs. 
 
(Johnson, 
et al., 
2008) 
150 
WCR 
Graphic 
Logs. 
 (Johnson, et 
al., 2008) 
358 
(Davidson, 2015) 
445 
(Davidson, 
2015) 
606.63 
WCR 
Graphic 
Logs. 
 (Johnson, 
et al., 
2008) 
661.00 
WCR Graphic 
Logs. 
 (Johnson, et al., 
2008) 
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Well Greenridge 
Fm 
S.Casino 
Gravel 
Rappvil
le Mbr 
Piora Mbr Bungawalbin Fm Kangaroo Ck 
SS 
 Maclean SS Upper Walloon 
Coal Measures 
Mid- 
Walloon 
Coal 
Measures 
Lower Walloon 
Coal Measures 
Koukandowie 
Formation 
TATHAM-1 0-14m 
Undiff. soil  
WCR 
Graphic 
Logs. 
Geologist 
Pick 
(Milligan, 
2002) 
 14 
From 
surface 
geology 
mapping 
(Author, 
2012) 
30 
Change from 
mudstone to 
fine 
sandstone 
and siltstone 
30m. 
WCR 
Graphic 
Logs 
490.0 
(Davidson, 2015) 
516.0 
(Davidson, 
2015) 
 
 744.00 
(Davidson, 2015) 
   
WYAN-E1    0 
From surface 
geology 
mapping 
(Author, 
2012) 
178.0 
(Davidson, 2015) 
197.0 
(Davidson, 
2015) 
338.50 
(Davidson
, 2015) 
407.00 
Ryder Seam - 
From geol logs 
   
PICKABOOBA_1        0 
From surface 
geology mapping 
(Author, 2012) 
  52.10 
From 
WRC277 
Stratigraphic 
table. 
(Robbie et al., 
1997) 
TULLYMORGAN_1
A 
       307.15 
BH Logs 
from 
WCR - 
Geologist 
Pick 
369.34 
BH Logs from 
WCR - Geologist 
Pick 
(Pacific Power, 
2001) 
428.21 
BH Logs 
from WCR - 
Geologist 
Pick 
(Pacific 
Power, 2001) 
550.36 
BH Logs 
from WCR - 
Geologist 
Pick 
(Pacific 
Power, 2001) 
695 
BH Logs 
from WCR - 
Geologist 
Pick 
(Pacific 
Power, 2001) 
Tabbimoble 1      0 
Exploration 
Report 
PG1981/13 
(Bridge Oil 
Ltd, 1982) 
 19.5 
Exploration 
Report 
PG1981/13 
(Bridge Oil Ltd, 
1982) 
   
Tabbimoble 2      0 
Exploration 
Report 
PG1981/13 
(Bridge Oil 
Ltd, 1982) 
 15.5 
Exploration 
Report 
PG1981/13 
(Bridge Oil Ltd, 
1982) 
  345 
Exploration 
Report 
PG1981/13 
(Bridge Oil 
Ltd, 1982) 
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Well Greenridge 
Fm 
S.Casino 
Gravel 
Rappville 
Mbr 
Piora Mbr Bungawalbin Fm Kangaroo Ck 
SS 
 Maclean SS Upper Walloon 
Coal Measures 
Mid- Walloon 
Coal 
Measures 
Lower 
Walloon Coal 
Measures 
Koukandowie 
Formation 
Thornbill E02 0-10m Undiff 
Soil  
  10 
From BH Log 
in WCR (Not 
logged) 
(Hokin et al., 
2010) 
179 
From BH Log in 
WCR. Increasing 
content of 
siltstone and 
mudstone + carb. 
Content 
(Hokin, et al., 
2010) 
215.3 
From BH Log 
in WCR. 
Decreasing 
content of 
siltstone and 
mudstone 
(Hokin, et al., 
2010) 
263.3 
From BH 
logs in 
WCR - 
Geologist 
pick 
(Hokin, et 
al., 2010) 
332.9 
From BH logs 
in WCR - 
Geologist pick 
(Hokin, et al., 
2010) 
  484.9 
From BH logs 
in WCR - 
Geologist pick. 
(Hokin, et al., 
2010) 
Round Hill 1 0 - 0.5m Undiff soil  
0.5 - 29.0m Basalt  
From Composite BH Log 
in WCR. Geologist Pick. 
(Pinder, 2007) 
 
 29 
From 
Composite 
BH Log in 
WCR. 
Geologist 
Pick. 
(Pinder, 
2007) 
 
40 
From Composite 
BH Log in WCR. 
Claystone/mudsto
ne band. 
(Pinder, 2007) 
 
55 
From 
Composite 
BH Log. End 
of Mudstone 
Band 
(Pinder, 
2007) 
 
399 
From BH 
Log in 
WCR. 
Geologist 
Pick 
(Pinder, 
2007) 
 
439.5 
From BH Log 
in WCR. 
Geologist Pick 
(Pinder, 2007) 
 
   
Middle Creek 1    0 
From Drillers 
Report (No 
geol log 
available) 
(Johnson et 
al., 2007) 
?? 
From drillers logs 
in WCR. 
Formation may 
not have been 
identified 
(Johnson, et al., 
2007) 
268 
From drillers 
logs in WCR 
(Johnson, et 
al., 2007) 
344 
From 
drillers logs 
in WCR. 
(Johnson, 
et al., 2007) 
398 
From drillers 
logs in WCR. 
(Johnson, et al., 
2007) 
  446 
From drillers 
logs in WCR. 
(Johnson, et al., 
2007) 
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